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1.1 Flooding: its effects on soil  
Soil flooding is a harmful abiotic stress that negatively affects plant growth in 
natural habitats and has a high negative impact on crop productivity (Bailey-
Serres et al., 2012b).  
In soil saturated with water, gas diffusion between the soil pores and the 
atmosphere is about 10.000 times slower as compared to air (Armstrong et 
al., 1991). This causes rapid oxygen depletion due to high oxygen demand 
in the rhizosphere. The soil aerobic microorganisms react to low oxygen by 
producing enzymes with high affinity for it, consuming rapidly the available 
oxygen in the soil (Dennis et al., 2000). These events will alter the physical 
and chemical properties of the soil, i.e., pH-status, redox potential, and 
cause an increase in the formation of harmful soil phytotoxins. The decrease 
in soil redox potential affects the balance of charge conditions of many 
minerals in the soil. In this way, fewer nutrients are available for the plant 
and subsequently nitrogen and phosphorous contents in the plant will 
decrease (Dat et al., 2004). These unfavorable soil changes will strongly 
affect the root system of the plant, causing low internal oxygen 
concentrations and accumulation of ethylene and carbon dioxide in the 
flooded parts of the plant (Armstrong et al., 1991; Bailey-Serres and 
Voesenek, 2008).  
 
1.2 Metabolic responses of the plant to energy deficit 
Oxygen is the final electron acceptor in the aerobic respiratory chain in the 
mitochondria to generate 30 to 34 ATP molecules per one molecule of 
hexose (Dennis et al., 2000; Geigenberger, 2003). During flooding, reduction 
of oxygen concentrations in the flooded tissues, like in roots, will inhibit the 
aerobic mitochondrial respiration, thereby limiting the production of sufficient 
ATP to resume optimal plant performance (Bailey-Serres et al., 2012a). In 
short-term flooding, many plant species can counteract the energy crisis 
through adjusting their metabolic pathways (Figure 1) by increasing the rate 
of sucrose and starch catabolism and by shifting to glycolysis and anaerobic 
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fermentation pathways to produce ATP (Bailey-Serres and Voesenek, 2008). 
Pyruvate produced by glycolysis is converted via fermentation into two major 
products, ethanol via the enzymes PDC (pyruvate decarboxylase) and ADH 
(alcohol dehydrogenase) and lactate via the enzyme LDH (lactate 
dehydrogenase) (Dennis et al., 2000; Bailey-Serres et al., 2012a). 
Production of lactate leads to a decrease in the cytosolic pH causing 
unfavorable cytoplasmic acidosis (Figure 1). Studies on root tips of maize 
and pea suggest that the latter process is transient and induces the 
fermentation of ethanol, which can diffuse easily out of the cell, and in turn 
inhibits lactic acid formation (Roberts et al., 1984). If this feedback-loop does 
not function well, such as in the root tips of ADH-deficient maize treated with 
hypoxia, cell death occurs because of cytoplasmic acidosis due to continued 
production of lactic acid (Roberts et al., 1984). Additionally, pyruvate can be 
converted into alanine, which can be either metabolized further to succinate 
generating extra ATP, or it can be metabolized into GABA by the enzyme 
GAD. This later reaction consumes protons as substrate, and thus aids in 
maintaining a stable cytosolic pH (Bailey-Serres et al., 2008). The shift from 
aerobic to anaerobic conditions has been shown to induce the synthesis of 
at least 20 new anaerobic polypeptides (ANPs) in maize, including enzymes 
for sucrose breakdown, glycolysis, and fermentation (Drew, 1997). 
Metabolite profiling of Arabidopsis root treated with different concentrations 
of oxygen for few hours, identified 15 metabolites to be significantly altered 
in concentration, like sugars (galactinol, myo-inositol and trehalose), amino 
acids, phosphorylated intermediates of glucose that are used in glycolysis 
(glucose-6-P and glycerol-3-P), and organic acids (van Dongen et al., 2009). 
The amount of metabolites related to glycolysis was transiently increased in 
the hypocotyls and roots of soybean seedlings after 2 days of flooding, but 
after 3 and 4 days decreased again (Nakamura et al., 2012). The same 
study showed that metabolites involved in the alanine and GABA shunt 
pathways were significantly increased after 4 days of flooding. Gene 
expression studies also showed that genes encoding for enzymes involved 
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in glycolysis and fermentation are rapidly changed upon submergence and 
low oxygen treatment in many species (cotton: Christianson et al., 2010; 
cucumber: Qi et al., 2012; Arabidopsis: Klok et al., 2002; Liu et al., 2005a; 
Lee et al., 2011; maize: Zhang et al., 2006; rice: Lasanthi-Kudahettige et al. 
2007; and soybean: Komatsu et al., 2009). Other studies suggest that low 
amounts of ATP produced anaerobically still can enable the plant cell to 
survive under hypoxia, provided that sufficient carbohydrate substrate is 
available in the longer term (Bailey-Serres and Voesenek, 2008; Bailey-
Serres et al., 2012a).  
In addition to these transient metabolite responses, several flooding-tolerant 
plant species have developed morphological changes to cope with this 
stress. These will be reviewed in the next paragraphs.  
 
1.3 Sensing and signal-transduction 
As mentioned earlier, flooding causes oxygen decline and accumulation of 
ethylene and carbon dioxide in the flooded plant. Many evidences have 
shown that ethylene and oxygen are the two important signals to trigger the 
metabolic and morphological adaptations in the plants during flooding. 
Falling in oxygen level is the primary signal that leads to anaerobic metabolic 
pathways, while ethylene is considered as the key regulator of the 
morphological acclimatization of the flooded plants. The matter of how plant 
can sense this gases imbalance is widely studied.  
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Figure 1.  Metabolic adjustment in the plant upon low oxygen conditions. Starch 
and sucrose are converted to glucose-6-P by the enzymes amylase and sucrose 
synthase. Low oxygen conditions enhance glycolysis and the conversion of glucose-
6-P to pyruvate, which is either converted to lactate by LDH (lactate dehydrogenase), 
or to ethanol by PDC (pyruvate decarboxylase) and ADH (alcohol dehydrogenase), 
to regenerate NAD
+
. Conversion of pyruvate into Acetyl CoA is inhibited under low 
oxygen conditions due to an arrest of the TCA cycle and oxidative phosphorylation. 
The dark red arrows indicate reactions and pathways inhibited under low oxygen 
conditions. Blue arrows indicate pathways and reactions increased under low oxygen 
conditions. This figure is adapted from Bailey-Serres et al., 2012a, and Bailey-Serres 
and Voesenek, 2010.    
 
 
TCA cycle 
Alanine + GABA 
+ Succinate 
Acetaldehyde 
  NAD
+
 
 
  LDH 
 
  
ADH 
 
  
Oxidative 
phosphorylation 
Acetyl CoA 
  NAD
+
 
 
  
PDC 
 
  
    2 ATP 
  2 NADH 
 
  
Sucrose synthase 
 
  
Amylase  
Starch Sucrose  
Glucose-6-P 
Pyruvate Lactate 
Ethanol 
General introduction 
 
 17  
1.3.1 Oxygen sensing 
Independently from flooding, oxygen decline occurs due to the lack of a 
transport system in plants. Low oxygen occurs in many metabolic active 
plant tissues like root meristems, phloem, siliques, seed coat, and many 
bulky storage organs (Geigenberger, 2003). However, it is suggested that 
plants can sense the oxygen decline because they rapidly decrease their 
respiration rate at oxygen concentrations that are still above the  Km values 
of cytochrome C oxidase (COX) and alternative oxidase (AOX) (Bailey-
Serres and Voesenek, 2008). It is proposed that sensing in plants can occur 
via direct or indirect mechanisms (Voesenek and Sasidharan, 2013).  
The direct mechanism is based on a model for sensing in animals and 
bacteria, which involves oxygen sensors such as hemoglobin proteins 
(Geigenberger, 2003). In Arabidopsis root cultures, one non-symbiotic 
hemoglobin (GLB1) gene was highly induced after treatment with low 
oxygen and was functionally classified as oxygen-binding (Klok et al, 2002). 
Overexpression of GLB1 in Arabidopsis increased the survival under 
hypoxia while the opposite was shown when the GLB1 was mutated (Hunt et 
al., 2002). Also a transformed alfalfa (Medicago sativa) root culture that 
constitutively expressed barley hemoglobin, maintains root growth upon 
hypoxic treatment (Dordas et al., 2003). However, as the affinity of plant 
hemoglobin to oxygen is higher than that of COX, it was suggested that 
hemoglobin is not a direct sensor for oxygen (Trevaskis et al., 1997; 
Geigenberger, 2003). Recently, an important role of group VII ETHYLENE 
RESPONSIVE FACTORS (ERFs) of Arabidopsis (HRE1, HRE2, RAP2.2, 
RAP2.12, and RAP2.3) was reported to regulate the hypoxic response and 
survival of the seedlings directly via their N- terminal residues (Licausi et al., 
2011; Sasidharan and Mustroph, 2011). This mechanism involved 
degradation of the ERFs in the presence of oxygen via modulation of their N-
terminal amino acids Met-Cys targeting them for proteolysis via the 26S 
proteasome complex (Licausi et al., 2011; Sasidharan and Mustroph, 2011). 
In rice, SUB1A and B, and SNORKEL genes, which are involved in 
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submergence responses, have the Met-Cys residues at their N-terminus. 
However, studies reported that SUB1A is not regulated via the N-end rule 
pathway upon low oxygen (Gibbs et al., 2011).  
The indirect oxygen sensing mechanism is suggested to occur as a 
consequence of changes in the cellular homeostasis. These include 
alterations in the level of adenylates, carbohydrate, pyruvate, and cytosolic 
pH status. Also mitochondria are suggested to be involved in this process by 
releasing Ca
2+
, and by producing nitric oxide (NO) and reactive oxygen 
species (ROS) under low oxygen conditions (Bailey-Serres et al., 2012a). In 
respect to adenylate and carbohydrate status, it was reported that plants 
have energy sensors similar to the Sucrose Non-Fermenting 1 (SNF1) found 
in animals. In rice, reduction in sucrose activates the energy sensor SnRK1A 
to induce carbohydrate degradation to fuel the anaerobic metabolism 
(Bailey-Serres et al., 2012b). These events will ultimately contribute in 
survival of the plant under the low oxygen condition.    
Indirect sensing of oxygen also may involve mitochondrial production of nitric 
oxide (NO) and reactive oxygen species (ROS). Under hypoxia, nitrite (NO2
-
) 
accumulation serves as electron acceptor in the mitochondrial respiratory 
chain leading to produce NO, which in turn can activate the production of 
ROS and Ca
2+
 release (Bailey-Serres et al., 2008). NO can be formed by 
enzymatic and non-enzymatic reduction of nitrate (NO3
-
) and nitrite (NO2
-
). 
Its formation by non-enzymatic reduction occurs at acidic pH, a typical 
feature of anaerobic conditions (Dat et al., 2004). The role of NO in the 
seeds of pea, oilseed rape, and soybean was proposed to balance the 
endogenous concentrations of oxygen and thereby allowing the seeds to 
adjust their metabolism according to oxygen availability (Borisjuk et al., 
2007). NO accumulation in the hypoxic root of alfalfa was reported to 
associate with cell death upon hypoxic treatment (Dat et al, 2004). Studies 
on cultures of maize cells and alfalfa roots treated with hypoxia indicated the 
presence of complexes of NO/hemoglobin, suggesting the role of 
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hemoglobin in detoxification of NO produced under hypoxia (Dordas et al., 
2003).  
Another group of molecules that is thought to be involved indirectly in 
oxygen sensing are ROS, which are produced by membrane-bound NADPH 
oxidases and by the mitochondria electron transport chain during anoxia 
(Pucciariello et al., 2012). Changes in the concentrations of ROS are 
mediated by ROP, a RHO-like small G protein of plants, which activates the 
production of H2O2 leading to increase of ADH1 expression in Arabidopsis 
(Bailey-Serres and Chang, 2005).  
 
1.3.2 CO2 Sensing  
Submergence causes accumulation of CO2 in the flooded roots while its 
concentration decreases in the photosynthesizing tissues (Voesenek et al., 
2006). Some terrestrial plant species are able to adjust their chloroplast to 
the leaf exterior to facilitate the CO2 diffusion (Mommer et al., 2005). It has 
been shown that CO2 effect to induce flooding response varies between the 
species. In rice, the concentration of CO2 increased up to 20 folds in the 
submerged stem sections (Raskin and Kende, 1984). The same study 
showed that treatment with 6% of this gas induces internodal elongation. On 
the contrary, treatment with 5% CO2 did not induce petioles elongation in R. 
palustris (Voesenek et al., 1997). Further it is reported that high 
concentration of CO2 could induce glycolysis in some dryland species and 
causes reduction in their viability (Voesenek et al., 2006).  
 
1.3.3 Ethylene sensing 
Flooding and submergence cause accumulation of ethylene in many 
species, due to lower outward diffusion rate, such as in tomato (Vidoz et al., 
2010), rice (Raskin and Kende, 1984), Rumex species (Voesenek et al., 
1993; Banga et al., 1996; Visser et al., 1996b), and sunflower (Drew et al., 
1979). In the anoxic tissues, ethylene production is slowed down due to its 
oxygen dependent pathway (Jackson, 2008). In the flooded parts of the 
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plant, namely the original root system, ethylene precursor 1-
aminocyclopropane-1-carboxylic acid (ACC) accumulates but its conversion 
to ethylene is inhibited under oxygen shortage (Jackson, 2008). Therefore, 
ACC synthesized in the flooded primary root by ACC synthase (ACS) 
diffuses further to the well oxygenated aerial parts of the plants in order to be 
converted into ethylene by ACC oxidase (ACO) (Voesenek et al., 2006; 
Jackson, 2002). Genes encoding for ethylene biosynthesis enzymes were 
up-regulated upon submergence in tomato (ACS; Vidoz et al., 2010), in rice 
(ACS and ACO; reviewed by Fukao and Bailey–Serres, 2008), and in R. 
palustris (ACO and ACS; Vriezen et al., 1999; Voesenek et al., 2006). 
Notably, ACO mRNA level increases in R. palustris during flooding, 
presumably leading to an increase of ACO enzyme. This in turn enhances 
the ethylene production despite its low activity in conditions of low oxygen 
(Vriezen et al., 1999).  
Studies on Arabidopsis established that ethylene is detected by a set of five 
receptors located at the endoplasmic reticulum, namely ETR1, ETR2, ERS1, 
ERS2, and EIN4 (Bleecker and Schaller, 1996; Guo and Ecker, 2004). 
These receptors share similarity with the bacterial two component 
regulators, which consist of two domains, namely an amino-terminal 
ethylene binding and a carboxy- terminal histidine kinase domain (Wang et 
al, 2002). Ethylene receptors, ERS1 in R. palustris and ERL1 in deepwater 
rice, were shown to be up-regulated upon submergence (Vriezen et al., 
1997; Watanabe et al., 2004). These receptors were found to act as 
negative regulators of ethylene response. In the absence of ethylene, 
ethylene receptors activate the Raf like kinase CTR1, which is a negative 
regulator for the downstream response. Binding of ethylene to the receptors 
at their N-terminal transmembrane domains activates the ethylene positive 
regulator EIN2 that transmits the signal to the EIN3 transcription factor in the 
nucleus (Wang et al, 2002). The latter activates its target gene, the 
ETHYLENE RESPONSIVE FACTOR 1 (ERF1), which might work together 
with other ERFs in the ethylene signal cascade (Guo and Ecker, 2004). 
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Group VII of the ethylene transcription factors in rice including SUB1A, 
SUB1B, SUB1C and SNORKEL 1 and -2 (SK1 and 2) were found to be 
regulated by ethylene during submergence in process of the shoot 
elongation (Figure 2) (Bailey-Serres and Voesenek, 2010; Hattori et al., 
2009).  
 
1.4 Physiological and morphological changes 
The shift from aerobic to anaerobic metabolism enables the root system to 
survive short-term hypoxia or anoxia during flooding. In well adapted plants, 
however, physiological and morphological changes can occur that enable 
longer-term survival, i.e., aerenchyma formation, development of a barrier 
against radial oxygen loss from the roots, formation of a leaf gas film, shoot 
elongation, and the development of adventitious roots (Figure 2) (Bailey-
Serres et al., 2012b). These changes improve the internal aeration by 
facilitating gas exchange between the plant and its environment, resulting in 
a better flood tolerance.  
Development of aerenchyma, large gas-filled spaces, within the roots and/or 
stems occurs in wetland plant species either constitutively or in response to 
flooded conditions. In the root, aerenchyma is formed in the cortex while in 
the stem it is formed in the cortex or in the pith cavity. These air spaces can 
be formed either as a result of cell death or due to cell separation, and 
hence are termed as lysigenous or schizogenous aerenchyma, respectively 
(Evans, 2003; Voesenek et al., 2006). Aerenchyma formation provides a low 
resistance pathway for gas diffusion, facilitating the diffusion of oxygen to the 
hypoxic or anoxic root and venting the accumulated gases from the root and 
soil to the atmosphere (Jackson and Armstrong, 1999). Additionally, the 
manner by which aerenchyma is formed minimizes the number of cells 
consuming oxygen (Sauter, 2000). Formation of aerenchyma in the new 
formed roots is considered as the main determinant of soil flood tolerance in 
Rumex species (Laan et al., 1989). 
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The oxygen in the aerenchymatous roots can be lost through radial diffusion 
to the surrounding soil, referred to as radial oxygen loss (ROL), a passive 
process that oxygenates the rhizosphere around the hypoxic root (Colmer, 
2003). This ROL decreases internal oxygen content in the root. To prevent 
this, many wetland species develop barriers to ROL by increasing the 
suberin or lignin content of the epidermis or exodermis of the root (Bailey-
Serres et al., 2012b). These barriers to ROL can be either weak (wheat; 
Colmer, 2003), or partial (R. palustris; Visser et al., 2000; Colmer, 2003), or 
tight (deepwater rice; Kotula et al., 2009, Zea nicaraguensis; Abiko et al., 
2012, Carex acuta and Juncus effuses; Visser et al., 2000).  
During submergence of the shoot, a thin gas film on the underwater leaves 
is maintained in some plant species, resulting in enhanced exchange of 
oxygen and carbon dioxide, and improving thereby photosynthesis and 
respiration under water (Pedersen et al., 2009; Colmer and Pedersen, 
2008). This may ultimately provide sufficient carbohydrates for the anaerobic 
respiration in the hypoxic flooded parts of the plant. 
Some wetland-plant species exhibit shoot elongation features as an 
adaptation to submergence, like deepwater rice and R. palustris (Figure 2) 
(Fukao and Bailey-Serres, 2008; Voesenek et al., 2004). This phenomenon 
is directly followed by the elongation of petioles to reach ultimately the water 
surface, restoring in this way the plant contact with the atmosphere 
(Voesenek et al., 2004; Voesenek et al., 2006). In deepwater tolerant rice 
plants, a rapid internodal and leaf elongation is considered as the “escape 
strategy” to keep the top of the plant above the water surface when the 
water level is 50 cm to 4 meter high (Hattori et al., 2011).  
Despite of all above mentioned metabolic and morphological plant strategies 
to survive flooding, the original root system of the plant rapidly deteriorates 
during flooding. In well adapted plants this can be replaced by growth of 
adventitious roots (Jackson and Drew, 1984). A positive correlation between 
adventitious root formation and flood-tolerance has been established for 
many species like Rumex and Hordeum (Visser et al., 1996a; Garthwaite et 
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al., 2003). Adventitious roots may arise from the aerial parts of the stem, like 
in deepwater rice (Lorbiecke and Sauter, 1999), or from the base of the 
shoot like in Rumex species (Visser et al., 1996a). In some species like 
sunflower and tomato, these roots grow from primordia formed de-novo 
under water and roots emerge and continue elongation during submergence 
(Wample and Reid, 1978, Vidoz et al., 2010). In species like R. palustris and 
deepwater rice, primordia are already formed (preformed) on the stem and 
are stimulated to grow out by flooding (Visser et al., 1996a; Lorbiecke and 
Sauter, 1999).  
 
 
1.5 Genes and hormones involved in adventitious root formation 
during flooding  
As said before, adventitious roots develop from primordia on the stem and 
they can be either formed before flooding or made de-novo during flooding. 
So far there is insufficient molecular data about which genes are associated 
with the activation of these primordia to grow into adventitious roots upon 
flooding.  
In rice, development of adventitious roots, named crown roots, includes 
primordia initiation, establishment of mature primordia with differentiated 
cells, and emergence of adventitious roots (Itoh et al., 2005). The rice 
mutants crown rootless 1 and 5 (crl1 and crl5) show defects at the first 
stage, in which periclinal divisions of the ground meristem occur to establish 
the initials cells (Inukai et al., 2001; Kitomi et al., 2011). These mutants are 
impaired in the initiation of adventitious root primordia and make only few 
roots (Inukai et al., 2001; Kitomi et al., 2011). CRL5 encodes a member of 
the AP/ERF transcription factor family, while CRL1, known also as 
adventitious rootless 1 (ARL1), encodes a member of the plant-specific 
ASYMMETRIC LEAVES2 (AS2)/ LATERAL ORGAN BOUNDARIES (LOB) 
domain (Kitomi et al., 2011; Liu et al., 2005b).  
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Figure 2. Plant responses during submergence and waterlogging. Ethylene 
accumulation and low oxygen content are considered as two important signals that 
induce downstream metabolic, physiological, and morphological adaptations in 
flooded plants. Oxygen can be sensed directly through N-end rule pathways via 
Ethylene Responsive Factors (ERFs) belonging to group VII, which under low oxygen 
conditions can induce the anaerobic metabolic pathways. Oxygen can be also 
sensed via the adenylate and carbohydrate status. This implies activation of the 
energy sensor SnRK1A in rice to induce starch degradation to fuel the anaerobic 
metabolism. Mitochondria are involved in the indirect sensing of low oxygen 
conditions by producing nitric oxide (NO) and reactive oxygen species (ROS).  
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The expression of CRL1 and 5 was induced rapidly by application of auxin, 
suggesting that they both are targets for Auxin Responsive Factors (ARF) in 
the auxin signaling pathway (Inukai et al., 2005; Kitomi et al., 2011). In 
respect to emergence of crown roots, the auxin transport efflux OsPIN1, a 
homologue of Arabidopsis AtPIN1, was shown to be involved in this process 
(Xu et al., 2005). The number of emerging adventitious roots was lower in 
OsPIN1 RNA interference plants of rice and this phenotype resembled that 
of wild type plants in which the auxin polar transport was blocked by N-1-
naphthylphthalamic acid (NPA) (Xu et al., 2005). 
The role of hormones in the process of adventitious root formation has been 
addressed in many studies. In deepwater rice, the ethylene that accumulates 
upon submergence induces cell death of the epidermal layer that covers the 
adventitious root primordia at the nodes, facilitating their emergence 
(Mergemann and Sauter, 2000). Ethylene acts in a synergistic manner with 
GA to induce the epidermal cell death which may occur via DELLA proteins. 
On the contrary, ABA inhibits root emergence, also when it is combined 
simultaneously with ethylene and GA (Steffens et al., 2006). Ethylene 
regulation of this programmed cell death is mediated by H2O2 through an 
overlapping  signal  pathway,  which  involves ethylene  synthesis,  
signaling, and metabolism (Figure 2) (Steffens and Sauter, 2009). 
 
 
In rice, ethylene regulates expression of group VII ethylene transcription factors 
including SUB1A, and SNORKEL 1 and -2 (SK1 and 2). These ERFs regulate shoot 
elongation through GA-action by either inhibition of shoot elongation or induction of 
the internodal elongation to reach the water surface. Ethylene and ROS regulate 
adventitious root development and aerenchyma formation during flooding. The 
hormones and signaling molecules are indicated in orange boxes; 
physiological/morphological changes in green boxes, metabolic 
components/pathways in purple boxes, and the metabolic changes in blue boxes. 
Figure published in Bailey-Serres et al., 2012b and reproduced after permission from 
Plant Physiology.  
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The same study showed that one of the identified genes, namely MT2b, a 
metallothionein encoding gene involved in ROS scavenging, was similarly 
down-regulated upon ethylene treatment and submergence. RNA 
interference MT2b lines of rice showed a decrease of cell death in the 
epidermal cells that cover the adventitious root primordia (Steffens and 
Sauter, 2009). Furthermore, deletion and knockdown mutants of ARL1 of 
rice presented evidence that the formation of a small, still sub-epidermal 
crown root may be required for the death of the epidermal cells covering the 
primordia to generate a local force (Steffens et al., 2012).  
Also in Rumex species, ethylene accumulates in roots during flooding. The 
inhibition of its production decreased the number of adventitious roots, while 
application of the ethylene precursor ACC partially restores the process 
(Visser et al., 1996b). Blocking the polar auxin transport by the N-1-
naphthylphthalamic acid (NPA) also decreased the number of adventitious 
roots after flooding (Visser et al., 1995). In this process, it was found that 
accumulation of ethylene increased the sensitivity to auxin in the rooting 
zone despite the fact that no change in the endogenous free auxin 
concentration was detected during flooding (Visser et al., 1996c).  
The interaction between ethylene and auxin was also found in other species 
to regulate adventitious root growth. In tobacco, ethylene insensitive 
transgenic plants (Tetr) in which the ethylene defected receptor gene etr1-1 
of Arabidopsis was inserted, showed a constitutively repressed ethylene 
response and resulted in reduced numbers of adventitious roots (McDonald 
and Visser, 2003). The authors found that application of 1- 
naphthaleneacetic acid (1-NAA) to the shoot of the Tetr plants increased the 
number of adventitious roots, while treatment with NPA caused similar effect 
as ethylene insensitivity. Therefore, McDonald and Visser (2003) suggested 
that both wild type and Tetr plants are similarly sensitive to auxin and the 
difference in adventitious root formation between them is due to the level of 
polar transport of auxin. 
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Tomato is a flood-sensitive crop species in which the primordia are formed 
upon the onset of submergence. Ethylene production and IAA content were 
found to be increased in different tissues of tomato after 24 hours of 
submergence (Vidoz et al., 2010). Application of the ethylene biosynthesis 
inhibitor AVG and the blocker of auxin transport NPA had a negative effect 
on the formation of adventitious roots (Vidoz et al., 2010). The interaction 
between these two hormones was clarified using the auxin and ethylene 
insensitive mutants of tomato, namely diageotropica (dgt) and Never-ripe 
(Nr). In the hypocotyl of Nr, the number of adventitious roots was reduced as 
compared to that on the hypocotyl of flooded wild type, and auxin content in 
the former was not increased, in contrast to the levels in the flooded wild 
type. On the other hand, ethylene evolution in dgt was not increased upon 
flooding as compared to flooded wild type tomato. These results suggest 
that in flooded tomato, ethylene perception induces auxin transport, which in 
turn triggers additional ethylene synthesis to induce adventitious root 
formation on the tomato hypocotyls (Vidoz et al., 2010).  
Besides the role of ethylene and auxin in adventitious root formation in 
tomato, strigolactone, a carotenoid-derived plant hormone, was shown to 
reduce adventitious root formation in tomato (Kohlen et al., 2012). In this 
study silencing of SlCCD8 expression, a strigolactone biosynthetic gene, 
increases the number of root primordia and adventitious roots on the stem of 
the transgenic lines. Treating the cuttings of the SlCCD8 plants with GR24, a 
synthetic strigolactone analog, reduced the number of primordia and 
adventitious root formation (Kohlen et al., 2012). Similar effects of 
strigolactone were observed also in Arabidopsis and pea and it was 
suggested that strigolactone negatively regulates the auxin level to inhibit 
adventitious root formation (Rasmussen et al., 2012). 
Based on all these results together, it seems clear that ethylene and auxin 
act as positive regulators of adventitious root formation, whereas ABA and 
strigolactone inhibit or reduce their development.  
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1.6 Solanum dulcamara: a dicot model species to better understand 
adventitious root formation upon flooding  
Whereas tomato is a cultivated crop and it is flooding-sensitive when grown 
in fields, some wild wetland-species have developed mechanisms of 
tolerance to submergence. Therefore, studying this tolerance to flooding in 
wild species may reveal interesting adaptive mechanisms in response to this 
stress. Such a wild species, however, should also have characteristics that 
make it a suitable model species for molecular genetic studies and should 
be easy to grow under greenhouse conditions, easy to regenerate through 
seeds production and clonal propagation and amenable for genetic 
transformation. Our preliminary experiments indicated that S. dulcamara 
(bittersweet) combines these characteristics, while showing profuse 
adventitious root formation upon flooding and an excellent flood-tolerance. It 
has preformed root primordia on its stem which can grow into adventitious 
roots only upon flooding and when they become in contact with humid soil. 
Solanum dulcamara is a diploid Eurasian plant species, of the subgenus 
Potatoe, which includes the crops tomato and potato (Bohs and Olmstead, 
2001). It colonizes a wide range of ecologically contrasting habitats, which 
preferentially are quite wet throughout the year and often flooded, e.g., 
seashores, river banks, canals, ditches, mires and damp woods (Pegtel, 
1985; Knapp, 2013). In addition, it can be successfully transformed by 
Agrobacterium-mediated plant transformation (Curtis et al., 2000; Glover et 
al., 2004), and its genetic map has been recently developed (D’Agostino et 
al., 2013). All together, these characteristics make S. dulcamara very 
suitable for the present study.  
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Scope of this thesis 
This thesis is based on the fundamental question how preformed dormant 
root primordia in a species such as S. dulcamara are activated to grow out 
into roots during flooding. Our aim in this study is to identify the physiological 
and molecular trigger(s) underlying this process. The presence of the 
preformed primordia in this species enabled us to precisely pinpoint the early 
events that occurred in the flooded primordia during their growth into 
adventitious roots. Our results (chapter 2) showed that emergence of these 
roots is a highly synchronized process, and could be detected between the 
2
nd
 and 4
th
 day upon the onset of partial submergence. Furthermore, our 
histological analysis indicated that the most significant cellular anatomical 
changes in the primordia can be detected after 2 days of submergence. We 
conclusively proved that flooding during only the first two days is sufficient 
for inducing the further outgrowth of the adventitious roots. On the molecular 
level (chapter 3), using the cDNA-AFLP, we showed that cells of 
adventitious root primordia and of the stem respond to flooding at the 
genomic level already after 2 hours, which is relatively fast compared to the 
emergence of the root. Additionally, we identified the general functional gene 
categories involved in this response. Furthermore, we extended our 
investigation with physiological studies to understand the role of hormones in 
the processes of primordia activation and adventitious root emergence 
(chapter 4). Our results indicate clearly that ethylene and auxin work 
together to regulate adventitious roots growth upon flooding. In order to 
understand the specific molecular response that induces only the primordia, 
rather than any part of the stem to grow into an adventitious root, a 
comparative RNA-sequencing analysis was performed on the primordia and 
on stem tissues upon partial submergence (chapter 5). We identified sets of 
genes specifically induced in the primordia, which might be involved in the 
signal transduction of adventitious root development. Real time quantitative 
analysis showed that most of these genes are regulated by ethylene and 
auxin. However, the expression of these genes was higher upon flooding 
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than upon hormones treatment, suggesting that other signals, in addition to 
ethylene and auxin, are also needed to regulate the early signal transduction 
events in adventitious root emergence. 
To conclude, in chapter 6 we present a possible model of the interaction of 
hormones and genes involved in the development of adventitious roots in S. 
dulcamara.  
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Abstract 
In this study we investigated the events of adventitious root growth in 
Solanum dulcamara during flooding. We show that primordia are 
constitutively present on the stem and have a predetermined root identity. 
Synchronized growth of roots from the primordia can be detected after 3 
days of submergence. Applying localized submergence of the stem 
demonstrated that the response is specific to those stem parts that receive 
the flooding signal, and short-term treatments indicate that the flooding 
signal is largely perceived already in the first two days of submergence. 
Histological analysis performed on flooded root primordia at various time 
points of the flooding event showed that significant cellular anatomical 
changes can be detected after 2 days of submergence, including elongation 
of the cells at the base of the primordia and division of cells in the 
meristematic tip. 
 
Introduction 
Adventitious roots are roots that arise from organs other than the normal 
roots, commonly from the stem. They often function as an additional 
anchoring system, to increase water and nutrient absorption and conduction 
(Barlow, 1986), but in wetland species they can also functionally replace the 
original root system, which rapidly deteriorates during flooding due to oxygen 
deficiency (Jackson and Drew, 1984). The most important characteristic of 
adventitious roots in wetland species is the improved oxygen distribution 
through the aerenchyma, which connects to similar air channels in the stem 
(Evans, 2003; Colmer, 2003). Aerenchyma thus provides a kind of “snorkel” 
that enables oxygen to diffuse from the atmosphere deep into the plant, 
thereby allowing the plant to survive in hypoxic soil conditions (Laan et al., 
1989; Jackson and Armstrong, 1999; Visser et al., 2003). 
Adventitious roots usually arise near the existing vascular tissues and grow 
outwards through the tissues of the stem. However, the exact cell type they  
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originate from varies greatly among species. In monocots, such as maize 
and rice, they arise on the nodes on the stem from the ground meristem 
cells adjacent to the vascular bundle (Martin and Harris, 1976; Itoh et al., 
2005). In dicot species, they can initiate from the interfascicular 
parenchymatous cells adjacent to the phloem, e.g. in sunflower, or from 
phloem ray parenchyma near the vascular cambium, e.g. in poplar (Fabijan 
et al., 1981; Luxova and Lux, 1981). Adventitious roots development starts 
with cell redifferentiation and division to form a primordium of meristematic 
cells, and continues with cell elongation and further cell divisions to form a 
fully patterned root that emerges through the epidermis. A signal that 
commonly induces adventitious root formation is submergence. In some 
species, the adventitious root primordia are formed de-novo upon 
submergence and directly continue their development into roots, e.g. in 
sunflower and tomato (Wample and Reid, 1978; Vidoz et al., 2010). In other 
species, the primordia are constitutively formed (preformed) on the stem and 
stay dormant until stimulated to grow out by flooding, e.g. in Rumex palustris 
(Visser et al., 1996) and in deepwater rice (Lorbiecke and Sauter, 1999). In 
the latter, the emergence of the adventitious roots occurs after vacuolation 
and elongation of the root cells in the basal region of the stele (Itoh et al., 
2005). In some cases, primordia do not have a fixed identity yet, such as in 
Sesbania rostrata, where they can form either into roots, stem, or nodules 
according to the environmental signals (Spencer-Barreto and Duhoux, 1994; 
Den Herder et al., 2006). 
Terras in 1897 observed the formation of adventitious roots from preformed 
primordia in S. dulcamara (Bittersweet) and investigated their histological 
origin. Solanum  dulcamara is a diploid Eurasian plant species of the  
Dulcamaroid clade in the subgenus Potatoe, which also includes the crops 
like tomato and potato (Bohs and Olmstead, 2001; Weese and Bohs, 2007). 
It colonizes a wide range of ecologically contrasting habitats (Horvath et al., 
1977), which, preferentially, are quite wet throughout the year and often 
flooded, such as seashores, river banks, canals, ditches, mires and damp 
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woods (Ellenberg, 1979 cited by Pegtel, 1985). Terras (1897) observed that 
ecotypes occurring in dry habitats bear less primordia than those growing in 
a humid environment, but S. dulcamara plants without primordia were 
extremely rare to find. 
Histologically, the adventitious root primordia, which he called “papilla” in S. 
dulcamara, derive from the parenchyma of the ray in the wood, where cells 
situated near the phloem region undergo irregular cell division and make up 
a conical base continuous with the vascular bundle (Terras, 1897). 
Furthermore, Terras describes that the outer layer of the primordium derives 
from 5-6 cells of the so called “pericycle”, which undergo cell division to form 
the root cap. The fully developed root primordia then remain dormant as long 
as they are exposed to air, but begin to grow when they come in contact with 
humid soil (Terras, 1897). 
One fundamental, yet unanswered question is how the preformed dormant 
primordia in a species such as S. dulcamara are activated to grow out into 
roots during flooding. Our aim in this study is to identify the trigger(s) of this 
process and to describe the early anatomical and cytological changes of the 
activated primordium, which occur before the emergence of the adventitious 
roots on the stem of S. dulcamara.  
 
Results 
 
Adventitious root primordia in S. dulcamara 
In natural floodplains, we observed that S. dulcamara combines adventitious 
root formation with flood tolerance (Figure 1A). To be able to study 
adventitious root development, we cultivated S. dulcamara in pots in the 
greenhouse. We observed that adventitious root primordia were 
constitutively present on the stem and internodes (hence the name 
preformed; Figure 1B). They were distributed randomly over nodes and 
internodes and their number was variable and independent of plant height 
(Figure 2). Primordia that remained dry never developed into roots, and thus 
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remained dormant, while all developed into adventitious roots when the stem 
was submerged for several days (Figure 1C).  
 
 
Figure 1. Adventitious root formation on stems of S. dulcamara during 
flooding. (A) Adventitious roots grown on a plant in a natural floodplain; (B) 
Adventitious root primordia on the stem of a plant grown under greenhouse 
conditions prior to flooding; (C) Adventitious roots grown after submergence in the 
greenhouse. The water level was kept at about 15 cm above the soil for two weeks   
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Figure 2. Density of the primordia on the lowest portion of the stem above the 
soil. Primordia were scored on the first 15 cm of stem above the soil (n= 50 plants). 
 
Identity of the dormant primordia 
Because in the lab and in the field, the primordia always developed into 
roots, and never into shoot organs, we hypothesized that the root identity 
was already fixed in the dormant primordia. To test this, we analyzed the 
primordia for the presence of two root meristem markers, namely the 
accumulation of starch and a distal auxin maximum. Starch granules 
accumulate in the columella cells in the root cap, where they function in the 
detection of the gravitropic vector (Blancaflor et al., 1998). We observed 
starch granule accumulation in the tip region of primordia already before 
submergence treatment and this pattern of starch distribution was consistent 
up to 48 hours after flooding  (Figure 3A).  Root  meristems  also  contain  an   
 
 
and then removed for photography; (D) Local adventitious root growth on a stem 
section. Stem of the intact S. dulcamara plant was surrounded with water in a sealed 
cuvette for one week. Adventitious roots developed only on the stem part that was in 
the cuvette. 
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auxin-maximum in the root cap that can be detected by activity of the 
artificial auxin-responsive DR5 promoter (Sabatini et al., 1999). We 
generated transgenic S. dulcamara lines carrying a DR5-GUS construct and 
detected reporter activity in the primordium meristem tips already before 
submergence (Figure 3B). This pattern remained stable up to 24 hours of 
submergence, while the domain enlarged, concomitantly with enlargement of 
the root cap, after 48 hours of submergence. All together, these results 
indicate that the dormant primordia have root meristem identity and support 
the idea that they can only develop into an adventitious root. 
 
Emergence of adventitious roots in Solanum dulcamara upon 
submergence 
We analyzed the dynamics of adventitious root outgrowth on the stem after 
submergence by scoring by eye the emergence of the roots. Root outgrowth 
can be detected between the 2
nd
 and 4
th
 day after the onset of submergence 
(Figure 4). We did not observe much variation in the percentage of 
submerged primordia producing an emerging root, neither within a plant nor 
between different plants. After 4
 
days of submergence, 100% of the 
primordia of all plants had developed into roots, indicating that the response 
was fast and highly synchronized. Remarkably, root emergence from 
primordia in each flooded plant was restricted only to the portion of the stem 
under water, not extending to any of the primordia directly above the water 
surface, indicating a very local response to submergence. To investigate if 
the flooded primordia can form adventitious roots independently of the 
submergence of the primary root system, we enclosed a stem segment of 
intact plants in a sealed cuvette containing water, for approximately one 
week. This treatment proved to be sufficient to induce the local outgrowth of 
adventitious roots in all of the six tested plants (Figure 1D), without affecting 
primordia outside the cuvette, indicating again that the induction of the 
response was a locally organized process. 
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(B) 
 
 
Figure 3. Root meristem identity markers in the adventitious root primordia. 
Representative longitudinal sections of primordia flooded for 0, 24, and 48 hours are 
shown. (A) Lugol staining marks differentiated columella cells. (B) Expression of the 
DR5-GUS reporter gene in the distal domain of the meristem. 
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Figure 4. Rate of adventitious root emergence in S. dulcamara during flooding. 
Plants were flooded or kept in air and root emergence was scored every day by eye 
for one week after the start of the treatment. Mean percentage of outgrowth (±SE) is 
indicated (n=12 plants for each treatment). 
 
 
Submergence is essential to activate the primordium 
The previous experiments showed that 3 days were needed for root 
emergence. To determine at what time point the primordia were activated by 
the flooding signal, we subjected the primordia on the stem to air at low and 
high relative humidity (RH 40-60% and 90-95%, respectively) after 
submerging them for one or two days (Figure 5). No adventitious root 
outgrowth was detected without submergence pretreatment in either 
situation, confirming the previous results that local submergence is crucial to 
induce adventitious roots growth. When the stem of the plants was 
submerged for one day, no adventitious root growth was detected yet. When 
maintaining these plants in low RH air, no adventitious root growth could be 
detected seven days after start of the experiment. However, when the plants 
were kept in high RH air, 13% of the primordia produced a root. Pretreating 
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the plants with submergence for two days, resulted in the emergence of 5-
10% of roots, which again increased more strongly in high RH (66% 
emergence) than in low RH (23%). All together, these results show that most 
primordia are activated within 48 hours of submergence (some already after 
24 hours), and that their outgrowth can continue without flooding, provided 
that the environment is sufficiently humid. However, high relative humidity 
alone, without flooding, is not sufficient to induce adventitious root formation. 
Similar to what was shown before, the root emergence in high RH conditions 
was strictly limited to those primordia that were submerged in the 
pretreatment. 
 
Figure 5. Effect of flooding and high humidity treatments on induction of 
outgrowth of adventitious roots in S. dulcamara. Plants were treated with 
continuous flooding or in air for 7 days, exposed to high humidity, or first flooded for 
one (1DF) or 2 days (2DF) and then transferred to dry air (A) or humid air (H) for the 
remainder of the 7 days. Grey color indicates percentage of adventitious roots at the 
switch of treatment; black color indicates percentage of adventitious roots after 7 
days. 
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Changes at the cellular level during early adventitious root growth 
In order to describe in detail the changes that occur in the transition from 
primordium to emerging root upon flooding, we performed a histological 
analysis on primordia that were submerged for up to three days. Primordia 
from flooded and non-flooded plants were dissected and sectioned along 
median and transverse planes. We observed some variation in the size of 
the primordia at each time point (0, 24, 48, and 72 hours of submergence), 
with representative stages shown in Figure 6.  
In most cases, preformed non-flooded primordia were dome-shaped 
structures, organized in layers (Figure 6A). After 24 hours of submergence, 
the structure and the size of the primordia were still similar to those of 
dormant primordia submerged and the stem tissue around them was intact 
(Figure 6A, B, and Table 1), while at 48 hours the differentiation of the root 
cell types could be discerned (Figure 6C), the vascular cylinder was clearly 
delineated, aerenchyma formation was in progress and the cortex of the 
surrounding stem was ruptured, giving way to a protruding root tip (Figure 
6D). Three days after submergence, a fully developed root had emerged 
from the stem (Figure 6E). 
To understand the role of cell division and cell elongation in the emergence 
process, a zone of meristematic cells was arbitrarily defined as the 
primordium cells rich in cytoplasm. Two days after the onset of 
submergence, the area of the meristematic region was significantly larger 
(Figure 6D, Table 1). This was due to cell division, because the size of the 
cells in the meristematic region was stable, while their number (expressed as 
the number of cells in the cortex in the proximal-distal direction) had 
increased (Table 1). 
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Figure 6. Histological changes in adventitious roots primordia of S. dulcamara 
during submergence. (A) Non flooded primordium; (B) Primordium flooded for 24  
hours; (C) Cross-section and (D) longitudinal sections of primordia flooded for 48 
hours; (E) Emergence of the adventitious root after 72 hours of flooding. Arrows 
indicate the parenchymatic cortex cells at the base of the primordium that elongate. 
Scale bars for A, B, D and E are 100 µM, and for C is 50 µM. 
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Table 1. Cytological changes in adventitious roots primordia of S. dulcamara 
during submergence. Longitudinal sections of primordia flooded for 0, 24, 48, and 
72 hours were examined in number (n) of replicas. ** indicates the significantly 
different from the average at 0 hour submergence, P<0.01. 
 
Hours after 
submergence 
n 
Area of 
meristematic 
region (mm
2
) 
Size of 
meristematic 
cells  (µm
2
) 
# meristematic 
cortex cells in 
proximal-distal 
direction 
0 4 0.061 (0.013) 102 (3.7) 17 (1.7) 
24 4 0.073 (0.005) 116 (8.5) 15 (0.9) 
48 3 0.196 (0.027) ** 113 (9.8) 29 (3.0) ** 
72 1 0.441 ** 102 80 ** 
 
 
To better determine the start of cell division activity at the molecular level we 
measured the expression level of two CYCLIN B1 homologs (CYCB1-like) in 
primordia-enriched samples upon flooding. The CYCB1-like1 gene was 
significantly induced after 48 hours of submergence, whereas the CYCB1-
like2 gene was not significantly modulated (Figure 7A and B). For higher 
spatial and temporal resolution, we also monitored the activity of an 
AtCYCB1-GUS reporter construct in S. dulcamara (Figure 7C and D). 
Although reporter activity could be detected in the expected pattern in the 
normal roots of one of the transgenic lines, no signal was seen in 
adventitious roots, even after 72 hours of submergence, making it 
impossible to draw conclusions on the timing of the process. Although we 
did not detect an early increase in cell size of the meristematic part of the 
primordium, emergence was clearly associated with elongation of the 
parenchymatic cortex cells at the base of the primordia, detectable from 48 
hours after the start of submergence (Figure 6). 
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Figure 7. Analysis of CYCB1-like genes expression in S. dulcamara. (A) and (B) 
show the relative expression levels of CYCB1-like1 and 2 genes in the flooded 
primordia after 0, 24, 48, and 72 hours;  Histochemical GUS staining of (C) a root tip 
of lateral root system of S. dulcamara and (D) a primordia flooded for 72 hours 
transformed with CYCB1;1:GUS reporter gene of Arabidopsis. Significant differences 
in gene expression between submergence and the control condition (P<0.05) are 
indicated by the asterisks (*).  
 
 
In conclusion, flooding activated the primordia to grow into adventitious roots 
which showed a clear root anatomy after 48 hours of submergence and the 
emergence was driven by a combination of cell division and elongation 
activity that started between 24 and 48 hours after submergence. 
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Discussion 
Formation of preformed primordia in S. dulcamara has been described more 
than a century ago (Terras, 1897). The occurrence of these primordia, 
distinguished by their dome-shape on the stem, is important in the 
vegetative propagation of this species (Beijerinck, 1887 cited by Terras 
1897), as roots may grow out from these primordia when parts of the stem 
touch the wet soil. In the natural flood-plains, these preformed primordia of 
this species grow into adventitious roots (Figure 1A). So far there is no data 
about how this process is triggered in S. dulcamara. 
 
Preformed primordia on the stem of S. dulcamara have root identity 
Several plant species are known to develop organ primordia on their stems 
that remain dormant until a specific activation signal is perceived. The 
distribution of such preformed primordia can be either irregular, as on the 
stem internodes of poplar (Luxova and Lux, 1981), or regular as on the 
nodes of rice (Lorbiecke and Sauter, 1999) and as along the stem of the 
tropical legume Sesbania rostrata (Tsien et al., 1983). Our data showed that 
in S. dulcamara, the preformed primordia have an unpredictable distribution 
and density on the stem (Figure 1B and 2). This is in agreement with the 
observation of Terras (1897), who pointed out that these structures vary 
greatly in numbers in individuals of the same species, and even in different 
stem parts of the same plant. The same author suggested that the formation 
of the primordia in S. dulcamara might be dependent on the degree of the 
transpiration, to which the branches were exposed (Terras, 1897). 
In poplar and S. rostrata, the preformed primordia on the stem can form a 
root or a shoot, depending on the environmental signals (reviewed by 
Luxova and Lux, 1981; Den Herder et al., 2006). Contrary to these species, 
our analysis of root meristem markers indicated that the dormant primordia 
in S. dulcamara have a predetermined root identity, which is further 
supported by numerous observations that they develop exclusively into 
roots. This suggests that they have evolved specifically as an adaptation to 
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flooding, in which case the adventitious roots functionally replace the regular 
root system. 
 
Adventitious root primordia are activated by submergence rapidly and 
locally 
A hypothesis on the benefit of having preformed adventitious root primordia 
is that the new roots develop faster compared to roots that develop 
completely de-novo. In other well flood-adapted species, flooding- or 
submergence-induced adventitious root growth from preformed primordia 
can first be detected within hours, e.g. after 10 hours in deepwater rice, to a 
few days, e.g. after one day in R. palustris (Visser et al., 1996; Lorbiecke 
and Sauter, 1999). Our results showed in S. dulcamara that the emergence 
of these roots started to be visual after three days from the onset of 
submergence (Figure 4). In S. dulcamara, submergence also induces de-
novo adventitious root development, but these start to appear several days 
later than those from preformed primordia (data not shown).  
While root emergence took on average two to three days of submergence, 
short-term flooding experiments indicated that the activation signal itself was 
already perceived after one day of submergence in some, and after two days 
in most of the primordia. Moreover, our results indicated clearly that this 
response is triggered locally (Figure 1D). This indicates that at least part of 
the signal necessary for primordium activation is non-mobile. 
Despite that in S. dulcamara there is variation in the time of starting of 
adventitious roots emergence at the beginning, an optimum percentage of 
root number can be achieved rapidly between 2
nd
 and 4
th
 days of 
submergence. Variation in adventitious root emergence is also observed in 
rice and thought to be caused by the differences in the age of the nodal 
primordia formation before start of submergence (Lorbiecke and Sauter, 
1999). This explanation could be true also for S. dulcamara, as we noticed 
variation in the histological organization of the root meristem at various time 
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points of submergence. The few roots visible early after two days of 
submergence (Figure 5) may originate from primordia set earlier than other. 
 
Early adventitious root growth is driven by cell division and cell 
expansion  
The formation of the adventitious and lateral roots primordia involves cells 
dedifferentiation and division to organize the cell layers from which the root 
tissues will differentiate as was shown in rice and Arabidopsis (Itoh et al., 
2005; Malamy and Benfey, 1997). Our histological data show that the 
adventitious root primordia in S. dulcamara are also organized in layers 
(Figure 6A), and upon submergence, an activated root meristem produces 
new cells to make up the adventitious root (Figure 6E). 
Based on our observations and in parallel to lateral root formation in 
Arabidopsis (Malamy and Benfey, 1997), we propose that between 0 and 48 
hours of submergence the activation of adventitious roots primordia takes 
place. Between 24 and 48 hours after submergence, growth commences via 
local cell division and expansion. Most adventitious roots visibly emerge 
from the stem after 74 to 96 hours. In deep water rice, cell division events in 
the nodal section was preceded by increase in expression of cell cycle 
genes between 2 and 8 hours from the onset of submergence (Lorbiecke 
and Sauter, 1999). In our study, we detected an increase in the expression 
level of one of the CYCB1-like gene in the primordia of S. dulcamara after 48 
hours of submergence, supporting the idea that cell division events occur 
before root emergence (Figure 7A). Although we showed that S. dulcamara 
transformed with CYCB1;1:GUS reporter construct displayed a high mitotic 
activity in the primary root, no activity of this gene fusion was detected in the 
flooded primordia (Figure 7C and D). The non-responsiveness of this 
promoter in adventitious roots might suggest that regulatory networks 
governing cell division differ between the two root types. 
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Material and methods 
 
Plant material and growth conditions 
Solanum dulcamara wild type plants were grown from seeds from the 
accession A54750008, collected from a wet habitat near Wychense Ven, 
Wijchen, the Netherlands, and supplied by the Experimental Garden and 
Genebank, Radboud University Nijmegen, the Netherlands. Seeds were 
sown in vermiculite in small round plastic pots of 10 cm height and 13 cm 
diameter. These were kept in dark at 4
0
C
 
for three days and then grown 
under standardized greenhouse conditions, with a daily temperature regime 
of 20-23
0
C
 
(day) and 15-18
0
C (night), with additional light supplied by high 
pressure sodium lamps (SON-T; 600W; Philips). Three-week-old seedlings 
were individually transplanted into 12 x 11 x 11 (h x w x d) cm plastic pots 
filled with potting soil and kept further under the same conditions. The plants 
were watered daily and fertilized once every two weeks until 10 to 12 weeks 
old, when they were experimentally treated. Primordia gradually became 
visible on the stem from eight weeks onward. About 15 primordia on a 
section of the stem 15 cm above the soil were marked with a marker pen two 
or three days prior to the treatment of the plants. 
 
Submergence and high humidity experimental set up 
All treatments were initiated at 11:00 am. For the flooding experiments, 
plants were individually placed in 60 x 21 x 21 cm (h x w x d) glass 
containers. One day before putting the plants, the glass containers were 
filled with tap water until a level that would allow submergence of the stem to 
15 cm above the soil in the pot. After the plants were submerged, the 
emergence of the adventitious roots was scored by eye every day for one 
week. Untreated control plants were kept under standard conditions. The 
localized flooding experiment was done by enclosing a randomly chosen 
stem section in glass cuvette containing water and sealed with Terostat 
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Butyl – IX (provided by Dr. SM Cristescu; Department of Molecular and 
Laser Physics; Radboud University Nijmegen; the Netherlands).  
For the high humidity treatment, the inner walls of the glass containers were 
covered with wet filter paper. Then plants were placed individually into the 
containers and the open top was wrapped with plastic foil. During this 
treatment, air was flushed at 1.75 L min
-1
 through each glass container to 
prevent accumulation of plant-derived volatiles such as CO2 or ethylene
 
in 
the atmosphere during the experiment. The flushing air was humidified by 
directing it through a water column. Humidity in the containers was 
measured with a humidity detector (Testo AG 605-H1, Germany), showing 
levels of 90-93% RH. Control plants were kept in a similar but open 
container and flushed with dry air. Light and temperature were kept at 
standard conditions. Temporarily flooded conditions were followed by 
transfer to humid or dry air conditions. Roots were counted 7 days after start 
of the experiment. 
 
Histological analysis and microscopy 
Dissected primordia were fixed for 2 hours in a solution made of 2% 
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2), rinsed again in only 
buffer for 2 hours and then treated with 1% osmium tetroxide solution 
overnight at 4
0
C. Subsequently, the primordia were dehydrated in 100% 
ethanol and embedded in spur. Sections of 1 µm were stained with toluidine 
blue solution (0.1% in 1% borax) and viewed under a Leitz Orthoplan 
microscope with an attached camera (Leica DFC420C). For each time point 
of the experiment (0, 24, 48 and 72 hours after submergence), median and 
transverse sections of four primordia were examined. 
Table 1 shows the measurements we used to define the changes in root 
prmordia. The area of meristematic region (mm
2
) included only the densely 
stained and non-vacuolated cells of the root. The size of meristematic cells 
(µm
2
) was determined in an oval shape around the quiescent center (QC). 
To determine the number of meristematic cortex cells in proximal-distal 
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direction, the numbers of cells in the cortex rows right and left of the vascular 
bundle (VC) in the primordia were counted. For each time point after 
flooding, 3-4 replica of primordia were examined, except for time point 72 
hours after flooding.  
 
Starch staining 
Primordia were dissected after 0, 24, and 48 hours after submergence, 
sectioned in 100 µm with a vibrating microtome (Leica VT1000 S, Leica 
Biosystem, the Netherlands) and placed directly in Lugol’s solution (1 g 
iodine and 2 g potassium iodide dissolved in 300 ml water) for 3 minutes. 
Thereafter, sections were kept for three days in the clearing agent 
chlorallactophenol (CLP) as described in Herr (1993). Imaging was done on 
a Leitz Orthoplan (see above). 
 
CYC1;1:GUS and DR5:GUS constructs and plant transformation 
The CYCB1;1:GUS construct was obtained from Dr. Peter Doerner 
(described in Colòn- Carmona et al., 1999). The DR5:GUS construct was 
obtained from Dr. Jose Luis Garcia-Martinez, Spain. These constructs were 
transformed to Agrobacterium tumefaciens strain GV3101 using freeze-thaw 
transformation (Chen et al., 1994). Transgenic plants were made by the leaf 
disc transformation method. In short, leaves were harvested from 3-4 weeks 
old S. dulcamara plants, sterilized for 10 minutes in a solution of 1.5% 
bleach and 0.01% tween, and washed 4 times for 5 minutes with sterilized 
demineralized water. The leaf explants were cut without the veins and 
incubated in a 1:100 diluted bacterial culture (OD600 0.4-0.6) with liquid co-
cultivation medium of MS20 (20 g L
-1
 sucrose, 4.4 g L
-1
 MS with Gamborg 
B5, 0.5 g L
-1
 MES monohydrate pH 5.8 ) with growth regulators (2 mg L
-1
 
BAP, 0.1 mg L
-1
 NAA, and 10 mg L
-1
 acetosyringone) and kept in dark for 3 
days under climate chamber growth conditions. Thereafter, leaf explants 
were transferred to selective medium of MS20 supplemented with growth 
regulators (2 mg L
-1
 BAP,  0.1 mg L
-1
 NAA, 300 mg L
-1
 cefotaxime, 300 mg  
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L
-1
 vancomycin, and 25 mg L
-1
 kanamycin). The plates were covered with 
three layers of filter paper and kept for a week in a standard climate 
chamber. The filter papers were removed gradually (one per week). Every 
two and half weeks, the explants were transferred on to new fresh selective 
medium. After approximately 7 weeks, the appeared shoots were excised 
and transferred to MS20 medium supplemented with 300 mg L
-1
 cefotaxime, 
300 mg L
-1
 vancomycin, 10 mg L
-1
 kanamycin, and 0.25 mg L
-1
 IBA. When 
roots had formed, plants were transferred to the greenhouse and kept under 
standardized greenhouse conditions. 
 
GUS- staining 
Histochemical GUS staining was performed on 50 µm thick dissected 
primordia. In the case of DR5:GUS, the primordia were collected after 0, 24, 
and 48 hours of flooding while for CYCB1;1:GUS, primordia were collected 
after 0 and 72 hours. GUS activity was tested by incubating the sections of 
the primordia overnight at 37°C in dark conditions in GUS staining buffer, 
containing 10 mM EDTA, 0.1% Triton X-100, 0.5 mM ferricyanide, 0.5 mM 
ferrocyanide, 2 mg ml
-1
 X-Gluc, and 0.1 mg ml
-1
 chloramphenicol in 50 mM 
Na-phosphate buffer, pH 7.5.  
 
Real-time quantitative RT-PCR  
Primordia were dissected from flooded plants at 0, 24, 48, and 72 hours after 
flooding in three biological replicas. For this experiment, 10- to 12-week-old 
plants were used and prepared as described above. Each sample was 
pooled from two plants to minimize biological variation. Total RNA was 
isolated from the frozen primordia using the RNeasy Plant Mini Kit 
(QIAGEN). Contaminating genomic DNA was removed using DNase I, 
RNase-free (Fermentas). The total DNA-free RNA (250 ng) was then 
reverse-transcribed using a cDNA synthesis kit (iScript
TM
 cDNA synthesis kit, 
Bio-Rad, http://bio-rad.com). For Q-PCR, 5 µL of 10-fold diluted cDNA was 
used in a 25 µL PCR reaction containing 400 nM of each primer and 12.5 µL 
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iQ
TM
 SYBER Green Supermix (Bio-Rad). The PCR reactions were performed 
in a 96 well thermocycler (Bio-Rad iCycler) by starting with 3 min at 95°C 
followed by 45 cycles consisting of 15 s at 95°C and 60 s at 60°C, then the 
melt curve was from 65°C to 95°C in 0.5°C increments per 10s to verify the 
presence of a specific product. Expression of the S. dulcamara homologues 
of the tomato genes TIP4 I, SAND, CAC, and Expressed (Expósito-
Rodrìguez et al., 2008) was used as endogenous control. Evaluation of the 
stability of the reference genes was done with geNorm software. The 
quantification of the transcripts level was done as described in Rieu and 
Powers (2009). The primers used for real time quantitative-PCR were TIP4 I:  
Forw: 5`-AGTCATGCCTAGTGGTTGGTTCC-`3, Rev: 5`-TGAGCACTCCA- 
TCAACCCTAAGC-`3; SAND: Forw: 5`-TGCTTACACATGTCTTCCACTTGC-
`3, Rev: 5`-AAACAGGACCCCTGAGTCAGTTAC-`3; Exp: Forw: 5`-CTAAG- 
AACGCTGGACCTAATGACAAG-`3, Rev: 5`-AAAGTCGATTTAGCTTTCTC- 
TGCATATTTC-`3; CAC: Forw: 5`-AGTTTGTTGTTGAGGCTGTTACAC-`3, 
Rev: 5`-ACCGGACACCTTCCTGAGTAATG-`3;  CYCB1-Like1 gene: Forw: 
5`-GCAACCGTTATCTACTGCCCATC-`3, Rev: 5`-TGTCCGCTTGAGAG- 
TGTGTCG-`3; CYCB1-Like2 gene: Forw: 5`-TGAACTACACTACCGTGA- 
TACCTACTG-`3, Rev: 5`- GTCCATCGAGGGCTCCTGTTG-`3. 
 
Statistics 
All data were log transformed before analysis to correct for heterogeneity of 
variance (Gomez and Gomez, 1984; Rieu and Powers, 2009). Univariate 
ANOVA with uncorrected LSD was used to assess significance of 
differences between submergence and the control condition. SPSS (version 
18) was used for all analyses. 
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Abstract 
In this study we investigated the early molecular events that coincide with 
the growth of adventitious roots from dormant primordia in Solanum 
dulcamara upon flooding. Using cDNA-AFLP, we identified 114 transcript-
derived fragments (TDFs) that were significantly up- or down-regulated in 
the flooded primordia. These transcripts belonged to different functional 
categories amongst which “transcription regulation” and “signaling” formed 
the largest classes. Nine transcripts of these categories were validated and 
investigated in more details by qPCR. Our results indicate that cells of 
adventitious roots primordia and stem respond to flooding already after 2 
hours at the transcriptomic level, which is relatively fast compared to the 
growth response of the root primordia, detectable at first after 48 hours. The 
fact that all of the nine studied genes were regulated similarly in stem and 
primordia indicates that at the transcriptomic level, the response to flooding 
is largely similar in stem and primordia tissues. The important role of 
ethylene in the flooding response is exemplified by the differential 
expression of three Ethylene Response Factor genes. 
 
Introduction 
Submergence is a significant abiotic stress factor that affects plant growth 
and development in natural ecosystems (Blom and Voesenek, 1996; Visser 
et al., 1996). From a physical point of view, submergence severely reduces 
the exchange of gaseous compounds between the plant and its 
environment, because gas diffusion is around 10.000-fold slower in water 
than in air (Armstrong et al., 1991). In particular, oxygen deficiency causes 
poor respiration in the submerged plant tissues, especially in non-
photosynthesizing plant organs like the root system, which severely restricts 
plant growth and survival (Bailey-Serres and Voesenek, 2008). However, 
most plants can cope with these changes on the short term by changing 
from aerobic respiration to glycolysis and fermentation for energy production 
(Bailey-Serres et al., 2012a). Well adapted plants, like most wetland species, 
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undergo further morphological and growth adaptations to deal with the stress 
situation on the longer term, such as enhanced or reduced shoot elongation 
and reorientation and enhanced growth of petioles (Fukao and Bailey-
Serres, 2008; Voesenek et al., 2004). 
The signaling pathways and gene expression programs underlying these 
adaptations have been studied in a number of plants. Especially the rapid 
adjustment of the energy metabolism under submergence or reduced 
oxygen conditions has been elucidated in relative detail. Recent findings 
from Arabidopsis showed that oxygen concentration determines the stability 
of the RAP2.12 transcription factor, which thus works as an oxygen sensor 
(Licausi et al., 2011; Gibbs et al., 2011). This sensor in turn acts upstream of 
a set of early hypoxia responsive genes, which include some involved in 
glycolysis and fermentation, but also genes with other functions, such as 
calcium signaling and ethylene synthesis and perception (Licausi et al., 
2011; Gibbs et al., 2011; Liu et al., 2005; Lee et al., 2011). Ethylene acts as 
positive regulator of this early hypoxia response, by increasing the 
expression of transcription factors HRE1 and RAP2.2, which, like RAP2.12, 
belong to the ETHYLENE REPONSE FACTOR (ERF) family and promote 
hypoxic gene expression (Hinz et al, 2010; Hess et al., 2011). Similar 
findings were obtained in other plants, like cotton, cucumber and maize, 
where soil flooding (also known as “waterlogging”) or submergence 
modulated genes functioning in metabolism, signal transduction, glycolysis, 
and fermentation within 24 hours (Christianson et al., 2010; Qi et al., 2012; 
Zhang et al., 2006). 
Growth adaptations to submergence have been studied mostly in rice and 
Rumex, showing a pivotal role for ethylene and ERF proteins. Following 
flooding-induced ethylene accumulation, the ERFs SNORKEL1 and -2 for 
example, promote internodal elongation in deepwater tolerant rice plants 
(escape strategy), while the SUB1A does the opposite in the flash flood-
tolerant rice (quiescence strategy) (Hattori et al., 2009; Nagai et al., 2010). 
These proteins function by affecting the expression of Slender Rice1 (SLR1) 
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and SLR-LIKE1 (SLRL1) that repress the GA-induced gene expression 
inhibiting shoot elongation (Bailey-Serres and Voesenek, 2010). Similarly, in 
quiescent Rumex accessions, ethylene inhibits petiole growth by maintaining 
ABA levels and decreasing GA responsiveness (Benschop et al., 2005).  
Another common adaptation to flooding is the formation of adventitious roots 
that contain aerenchyma – air channels which may connect all the way up to 
the shoot and help to maintain the appropriate gas diffusion under 
submergence (Evans, 2003) and functionally replace the primary root 
system of the flooded plant (Jackson and Drew, 1984). These adventitious 
roots may develop de-novo upon flooding or from preformed, dormant 
primordia (Visser et al., 1996; Lorbiecke and Sauter, 1999; Terras, 1897; 
Wample and Reid, 1978; Vidoz et al., 2010). Knowledge on the molecular 
switches that induce adventitious root growth is still limited, although again 
ethylene seems to play a major role. In tomato, which forms adventitious 
roots de-novo, ethylene perception induces auxin transport, which then 
accumulates in the stem. This in turn triggers additional ethylene synthesis, 
inducing adventitious roots formation on the tomato hypocotyls (Vidoz et al., 
2010). In rice, which possesses dormant adventitious root primordia, 
ethylene and H2O2 are involved in the cell death process of the epidermal 
cell layers above the primordia before the roots emerge from them (Steffens 
and Sauter, 2005). Microarray analysis of these epidermal cells revealed 
that 61 genes were co-regulated by these two compounds and were 
involved in stress responses, ethylene synthesis, signaling, metabolism and 
scavenging of reactive oxygen species (Steffens and Sauter, 2009).  
Solanum dulcamara is a dicotyledonous plant that is very well adapted to 
flooding and constitutively forms adventitious root primordia on its stem that 
remain dormant until the plant gets (partially) submerged (see Chapter 2). 
To gain insight into the signaling pathways involved, in this study we 
investigated the early molecular events that coincide with the activation of 
the primordia by flooding. To this end, we used cDNA-amplified fragment 
length polymorphism analysis (cDNA-AFLP), a transcript based profiling 
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technique that allows the display of differentially expressed transcript-
derived fragments (TDFs) (Bachem et al., 1996). By contrast with 
microarrays, which is a hybridization based technique and relies on the 
sequence information of the species to be investigated, cDNA-AFLP is a 
PCR-based method that can be applied without prior knowledge of gene 
sequences (Bachem et al., 1998; Fukumura et al., 2003).  
The results discussed shed the light on the molecular response during 
adventitious root growth in S. dulcamara upon partial submergence and on 
its spatial and temporal patterns.  
 
Results  
 
cDNA-AFLP profiling reveals transcripts that are regulated in 
adventitious root primordia upon partial submergence of  S. 
dulcamara.  
In order to identify changes in gene expression that are associated to the 
development of the adventitious roots from the preformed primordia in S. 
dulcamara, we analyzed the profile of transcript accumulation in primordia-
enriched tissue samples up to 72 hours after the start of submergence, the 
time point at which most primordia have started to grow (see chapter 2). A 
modified cDNA-AFLP protocol was applied (Bachem et al. 1996; Bachem et 
al., 1998), using 128 primer combinations, estimated to cover circa 60% of 
the transcriptome. Differentially expressed transcript derived fragments 
(TDFs) were selected based on clear visual differences in intensity between 
time points and on consistency of the observed changes in all replicas. 
Figure 1 shows an example of a cDNA-AFLP gel on which differential TDFs 
are marked. In total, we selected 114 TDFs ranging from 34 to 582 bp and 
representing either up- or down- regulated transcripts, as compared to the 
level of expression at time 0 hour (see supplemental data: TDF hit list 
http://repository.ubn.ru.nl/handle/2066/112260). Most of the transcripts 
revealed by this analysis were regulated very rapidly, namely within the first 
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6 hours in the submerged primordia as compared to the non submerged 
ones. Interestingly, in the case of the up-regulated TDFs, their expression 
after 72 hours of submergence decreased again. To identify the genes 
represented by the TDFs, fragments were cut out of the gels, sequenced 
and aligned with transcript sets of S. dulcamara (D`Agostino et al., 2013; see 
chapter 5), tomato, and Arabidopsis, using an E value <1e-10. From the total 
114 TDFs, 22 were discarded because multiple different sequences were 
obtained from the fragment and 11 were excluded because they had the 
same hit of gene in tomato but at different positions. This might indicate a 
multiple enzymatic restriction in the same transcript. Among the 81 TDFs 
that were considered to be the representative sequences for our analysis, 37 
were up-regulated (Table 1) and 44 down-regulated (Table 2). We found 
significant homology for 72 of these TDFs (Table 1 and 2); only 9 fragments, 
ranging from 34 to 222 bp, did not show any homology. These were further 
blasted to the tomato genome, but only one of them, namely TDF 22-5 could 
be aligned, to a position on chromosome 12, which was located in the intron 
region of Solyc12g008710. Not finding any homology for the other 8 TDFs 
might be due to the small size of the fragments or because they represent 
less conserved regions of transcripts. For several TDFs we could not obtain 
a hit in the S. dulcamara transcriptome assembly, while a hit was found in 
the tomato database (Table 1 and 2).  
The expression of nine identified genes was re-analyzed by real-time 
quantitative RT-PCR, and all showed the expected differential expression in 
the adventitious root primordia after flooding (Figure 2), indicating that the 
results obtained by cDNA-AFLP were reliable. 
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Figure 1. cDNA-AFLP gene expression profile. Example of cDNA-AFLP gel. 
Panels I through VI represent individual cDNA-AFLP primers combinations of BstYC1 
combined with MseI 3.3, 3.4, 4.1, 4.2, 4.3, and 4.4, respectively. Panels A and B 
represent two biological replica of the samples 1 till 6, collected at time points 0, 6, 
12, 24, 48, and 72 hours after flooding, respectively. Fragments of interest are shown 
with circles and they represent TDFs of either up- or down- regulated transcripts. 
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Differentially expressed genes belong to distinct functional categories 
The functional description of the TDFs was performed by integrating the 
annotation data from tomato and Arabidopsis. The identified TDFs were then 
classified into biological functional categories by considering the annotation 
data and literature (see supplemental data: TDF hit list 
http://repository.ubn.ru.nl/handle/2066/112260; Table 1 and 2). Among the 
up-regulated transcripts (Table 1), seven seem to be involved in 
“transcription regulation”. Strikingly, three of these were related to the 
ethylene response. Following in size were categories of “signaling”, “protein 
synthesis and metabolism” and “carbohydrate metabolism & glycolysis”. A 
number of genes were classified as miscellaneous because they did not 
belong to a clear, multi-member category within the up-regulated gene set or 
their function was not obvious. 
Among the down-regulated genes (Table 2), similar gene categories could 
be recognized, although no genes related to “carbohydrate metabolism & 
glycolysis” were present, while a group of genes related to “cell wall” 
modification could be identified. No genes related to the ethylene response 
were identified, but an ethylene biosynthetic ACC oxidase (ACO) gene was 
down-regulated. Also here, a number of genes could not be assigned to 
main categories and classified as miscellaneous.  
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Gene expression is modulated rapidly in both primordia and stem 
during submergence 
To better understand the early signaling events involved in primordia 
activation, we studied in more detail the expression of nine genes from the 
“signaling” and “transcription regulation” categories. Samples were taken at 
shorter time intervals up to 24 hours after flooding and, to test whether gene 
expression was specific for primordia, were also taken from adjacent stem 
tissue. Control samples were taken in parallel to be able to correct for the 
influence of a circadian rhythm. In general, our qPCR results showed that 
the expression of the analyzed genes was modulated already very early 
upon submergence, namely within 2 hours (Figure 2). This was the case for 
all four up- and two out of five down-regulated transcripts. The change in 
gene expression was clearly transient for three of the four up-regulated 
genes, with expression of the LOB domain protein 42 transcript (TDF 21-10) 
peaking already at 2 hours. By contrast, expression of four of the five down-
regulated genes continued to decline throughout the sampling time period. 
Notably, ERF1a (TDF 16-1) was very strongly up regulated, increasing 
almost 350-fold in the stem after 12 hours of submergence. Amongst the 
down-regulated genes, CDPK2 (TDF17-6) was 14-fold decreased already 
after 6 hours in the flooded primordia. Furthermore, the qPCR analysis 
showed that most of the transcripts, either up- or down- regulated after 
submergence, were expressed with a similar pattern in the stem and in 
primordia (Figure 2). These results indicated that also the stem responds to 
submergence. 
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Figure 2. Expression of transcripts selected from AFLP analysis upon flooding. 
Column A shows the expression patterns obtained by cDNA-AFLP for the selected 
TDFs at 0, 6, 12, 24, 48, and 72 hours after flooding. Column B shows the relative 
mRNA level of the transcripts corresponding to the TDFs in flooded stem (FS), 
flooded primordia (FP), control stem (CS) and control primordia (CP) at the time 
points 0, 2, 4, 6, 12, and 24 hours after flooding. Data are means ±SE, n=2. Column 
C shows the corresponding S. dulcamara unigene ID and the functional annotations. 
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To be continued. 
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Discussion 
Many wetland plant species produce adventitious roots from their 
submerged stems when the original root system is malfunctioning during 
flooding, making these plants well adapted to their habitat (Visser et al., 
1996; Lorbiecke and Sauter, 1999). In some species, adventitious roots 
develop from constitutively present, dormant root primordia. So far, the 
signaling pathways that lead to re-activation of such dormant primordia are 
not well understood. Studying differential gene expression patterns of stem 
and primordia tissue upon flooding can help to elucidate the molecular 
mechanisms involved in this process.  
 
Timing of the submergence response 
Changes in gene expression have been shown to occur within 24 hours after 
submergence in plant species varying in their flood-tolerance (Caturla et al., 
2002; Komatsu et al., 2009; Qi et al., 2012). In this study, we found that the 
changes of gene expression occurred very rapidly within 2 hours after 
submergence in S. dulcamara. A similar fast response was observed in 
submerged maize seedlings and in waterlogged roots of cotton (Zhang et al., 
2006; Christianson et al., 2010). Also in Arabidopsis treated either with 
submergence or hypoxia, gene expression changes upon these treatments 
occurred within the first 7 hours (Lee et al., 2011). Thus, we can conclude 
that also the submerged tissues of S. dulcamara change their gene 
expression very quickly.   
 
Functional analysis of the submergence response 
Submergence and hypoxia commonly induce changes in expression of 
genes related to carbohydrate metabolism (Zhang et al., 2006; Christianson 
et al., 2010; Lasanthi-Kudahettige et al., 2007). Although we did not identify 
changes in expression of the main genes involved in fermentation, such as 
alcohol dehydrogenase and pyruvate decarboxylase, we detected an 
increase in expression two glycolysis enzymes, namely 
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phosphoenolpyruvate carboxykinase and diphosphate-fructose-6-phosphate 
1-phosphotransferase in the stem and root primordia after submergence 
(Table 1). This indicates that also this species responds to flooding by 
adjusting its carbohydrate metabolism to maintain limited ATP production in 
the absence of oxidative phosphorylation. 
In the category of “transcription regulation” we found three genes encoding 
Ethylene Response Factors (ERF1a, ERF2b) to be up-regulated and one 
gene encoding an Auxin Response Factor 4 (ARF4) to be down-regulated 
(Figure 2,  and Table 1 and 2). ERFs were found also to be up-regulated in 
other species in response to submergence, and to participate in 
morphological and metabolic adaptations. For example, SUB1A and 
SNORKEL1 and -2 are up-regulated in deepwater rice varieties within 3 
hours after submergence (Hattori et al., 2009) and confer tolerance to 
flooding by affecting the growth of internodes. HRE1 and -2 are ERFs from 
Arabidopsis were found also to be up-regulated upon submergence (Lee et 
al., 2011). HRE1 is known to increase activity of the fermentation enzymes 
alcohol dehydrogenase and pyruvate decarboxylase under hypoxia (Licausi 
et al., 2010). Whether the ERFs identified in this study are involved in re-
activation of the adventitious root primordia or in metabolic adaptation (or in 
both) cannot be concluded from the available data. Genes encoding for 
ethylene biosynthesis enzymes were up-regulated upon submergence in 
tomato (ACS; Vidoz et al., 2010) and in rice (ACS and ACO; Fukao and 
Bailey-Serres, 2008). Surprisingly, we found that the transcript for an ACO-
like protein (represented by the TDF 22-6, Table 2) was down-regulated 
rather than up-regulated. Ethylene biosynthesis is regulated via positive and 
negative feedback loops (Kende, 1993). In our data the expression of ACO-
like protein decreased only after 24 hours of submergence, which might 
indicate that this response is caused by a negative feedback loop regulated 
by the synthesized and entrapped ethylene in S. dulcamara during the first 
24 hours from the onset of flooding. 
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Auxin signaling is often associated with active cell division and differentiation 
and is necessary for de-novo formation of lateral and adventitious roots 
(Brinker et al., 2004; Pèret et al., 2009; Benkovà and Bielach, 2010; Vidoz et 
al., 2010). ARFs were suggested to act as negative and positive regulators 
during adventitious root development (Guilfoyle and Hagen, 2007; Gutierrez 
et al., 2009). In our data, an ARF4-like gene is down-regulated upon 
submergence, which might suggest a function as a negative regulator of 
adventitious root growth. On the other hand, down-regulation of this ARF 
might reflect a general suppression of cell division and growth in the stem 
and primordia tissue. Inhibition of growth upon stress is a common 
phenomenon in plants (Bailey-Serres et al., 2012b). This hypothesis might 
also be applied to the observed down-regulation of genes associated to cell 
wall modification, whose expression is expected to correlate with cell growth 
and division. 
 
Are the identified genes involved in primordia re-activation? 
The goal of the present study was to identify genes that could function in the 
re-activation of the primordia upon flooding. Although we identified many 
genes differentially expressed in the primordia, detailed characterization of 
nine TDFs showed that their transcriptional response was highly similar in 
primordia and stem. Although the adventitious root primordia in S. 
dulcamara are derived from stem tissue (Terras, 1897), these two tissues 
are clearly differentiated from each other (see Chapter 2), meaning that a 
large part of the transcriptional reprogramming needed to cope with the 
altered situation is independent of tissue type. However, the signaling 
cascade leading to primordia activation may start from a common signal 
induced by flooding that is subsequently integrated with cell identity signals 
to specifically initiate growth of the primordia. Alternatively, the activation of 
the primordia may take a longer time, meaning that differences in gene 
expression patterns between stem and primordia may become apparent only 
after more than 24 hours of submergence.  
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Taken together, the cDNA-AFLP technique enabled us to identify genes, 
whose expression is modulated in adventitious root primordia of S. 
dulcamara upon flooding. They may be involved in different biological 
processes to interpret the environmental conditions and transduce signals to 
trigger metabolic adjustments and possibly the growth of adventitious roots. 
More definite conclusions about gene functions will require testing of the 
effects of gene silencing and over-expression. 
 
Material and methods 
 
Plant material 
Solanum dulcamara wild type plants that were used in this study were grown 
from seeds from the accession A54750008 collected from a wet habitat near 
Wychens Ven, Wijchen, the Netherlands, and supplied by the Experimental 
Garden and Genebank, Radboud University Nijmegen, the Netherlands. 
Seeds were sown in vermiculite in small round plastic pots of 10 cm and 13 
cm in diameter. These were kept in dark at 4
0
C
 
for three days and then 
grown under standardized greenhouse conditions, with a daily temperature 
regime of 20-23
0
C
 
(day) and 15-18
0
C (night), with additional light supplied by 
high pressure sodium lamps (SON-T; 600W; Philips). Three-week-old 
seedlings were individually transplanted to 12 x 11 x 11 cm (h x w x d) 
plastic pots filled with potting soil and kept further under the same 
conditions. The plants were watered daily and fertilized once every two 
weeks until 10 to 12 weeks old, when they were experimentally treated. For 
flooding experiments, the lower 15 cm part of the stem was submerged in 
containers filled with tap water. To isolate the primordia samples, external 
excisions were made around the primordia, which are distinguished by their 
white dome-shaped structure, followed by peeling off of the excised 
primordia. In this way, we tried to minimize contamination with the 
surrounding stem tissue. To isolate stem samples, excised green small 
sections were taken on which no primordia were present. The primordia and 
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the stem explants were dissected from the flooded plants at different time 
points, namely 0, 6, 12, 24, 48 and 72 hours after flooding and frozen 
directly in liquid nitrogen. Three biological replicas were collected for each 
time point. Control samples were taken at the same time of the day to avoid 
the influence of a circadian rhythm.  
 
cDNA-AFLP 
Total RNA was isolated from the frozen primordia samples with Trizol 
(Invitrogen, Carlsbad, CA, USA). For cDNA synthesis, mRNA was captured 
using biotinylated oligodT which were first immobilized to streptavidine 
beads (Invitrogen, Dynabeads MyOne streptavidin C1). 5 µL streptavidine 
beads were used per 5 µL total RNA. First, the beads were made RNase-
free by treating them with solution A (DEPC treated 0.1 N NaOH, 0.05 M 
NaCl) and solution B (DEPC treated 0.1 M NaCl). Then, these beads were 
resuspended in 25 µL RNase-free 2X B&W buffer (DEPC treated 10 mM 
Tris.Cl pH 7.5, 1 mM EDTA, 2 M NaCl) and the biotinylated oligodT were 
immobilized on the beads in a total volume of 50 µL. This mix was incubated 
for 15 minutes at room temperature under gentle rotation and the beads 
were washed with 1X B&W buffer and wash buffer (DEPC treated 10 mM 
Tris.Cl pH 7.5, 0.1 mM EDTA, 0.1 M NaCl). 5 µg of total RNA was captured 
by the biotinylated beads, and both first and second strands were 
synthesized as described by Vriezen et al. (2008). Double stranded cDNA 
was used for cDNA-AFLP and the liberated BsYI-MseI fragments were used 
for the next steps of this procedure as described by Bachem et al. (2008). 
Gene expression in the RNA samples was covered using 128 primer 
combinations for selective amplification as described by Breyne et al. (2002). 
Primers are listed in Table 3. 
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Table 3. Primers used in cDNA-AFLP analysis 
 
Name Sequence 5’  3’ Size 
BstT1 GACTGCGTAGTGATCTA 17 
BstT2 GACTGCGTAGTGATCTC 17 
BstT3 GACTGCGTAGTGATCTG 17 
BstT4 GACTGCGTAGTGATCTT 17 
BstC1 GACTGCGTAGTGATCCA 17 
BstC2 GACTGCGTAGTGATCCC 17 
BstC3 GACTGCGTAGTGATCCG 17 
BstC4 GACTGCGTAGTGATCCT 17 
Mse11 GATGAGTCCTGAGTAAAA 18 
Mse12 GATGAGTCCTGAGTAAAC 18 
Mse13 GATGAGTCCTGAGTAAAG 18 
Mse14 GATGAGTCCTGAGTAAAT 18 
Mse21 GATGAGTCCTGAGTAACA 18 
Mse22 GATGAGTCCTGAGTAACC 18 
Mse23 GATGAGTCCTGAGTAACG 18 
Mse24 GATGAGTCCTGAGTAACT 18 
Mse31 GATGAGTCCTGAGTAAGA 18 
Mse32 GATGAGTCCTGAGTAAGC 18 
Mse33 GATGAGTCCTGAGTAAGG 18 
Mse34 GATGAGTCCTGAGTAAGT 18 
Mse41 GATGAGTCCTGAGTAATA 18 
Mse42 GATGAGTCCTGAGTAATC 18 
Mse43 GATGAGTCCTGAGTAATG 18 
Mse44 GATGAGTCCTGAGTAATT 18 
 
 
Characterization of cDNA-AFLP fragments 
We selected 114 fragments of interest that were differentially expressed 
between flooded and control, non-flooded- conditions (supplemental data: 
TDF hit list  http://repository.ubn.ru.nl/handle/2066/112260). The 
transcription profiles of these fragments were confirmed in three biological 
replicas. Two independent fragments of each differentially expressed gene 
were cut out from the gel and DNA was re-amplified under the same 
conditions as for selective amplification. Fragments were subsequently 
blunted and cloned in pJET 1.2/blunt cloning vector (Fermentas, EU) and 
Changes in gene expression associated with adventitious roots  
growth during partial submergence in Solanum dulcamara 
 93 
sequenced using the Beckman DTCS quick start mix (Beckman Coultier 
cat.# 608120, USA) and the Beckman CEQ 
TM
 2000 DNA analysis system. 
The sequences that corresponded to the right size of the cDNA-AFLP 
fragments were further searched for homology in the S. dulcamara 
transcriptome assembly (D’Agostino et al., 2013), in the tomato transcript 
(ITAG2.3) and whole genome (SL2.40) databases 
(http://www.sgn.cornell.edu) and in the Arabidopsis transcript database 
(TAIR10).  
 
Real-time quantitative RT-PCR  
Primordia and stem tissues were dissected from flooded and control plants 
at 0, 2, 4, 6, 12, and 24 hours after flooding in two biological replicas. For 
this experiment, 10- to 12-weeks-old plants were used and prepared as 
described above. Each sample was pooled from two plants to minimize 
biological variation. Total RNA was isolated from the frozen primordia and 
stem tissues using the RNeasy Plant Mini Kit (QIAGEN). Contaminating 
genomic DNA was removed using DNase I, RNase-free (Fermentas). The 
total DNA-free RNA (250 ng) was then reverse-transcribed using a cDNA 
synthesis kit (iScript
TM
 cDNA synthesis kit, Bio-Rad, http://bio-rad.com). For 
qPCR, 5 µL of 10-fold diluted cDNA was used in a 25 µL PCR reaction 
containing 400 nM of each primer and 12.5 µL iQ
TM
 SYBR Green Supermix 
(Bio-Rad). The PCR reactions were performed in a 96 well thermocycler 
(Bio-Rad iCycler) by starting with 3 min at 95°C followed by 45 cycles 
consisting of 15 s at 95°C and 60 s at 60°C, then the melt curve was from 
65°C to 95°C in 0.5°C increments per 10s to verify the presence of a specific 
product. Expression of the S. dulcamara homologues of the tomato genes 
TIP4 I, SAND, CAC, and Expressed (Expósito-Rodrìguez et al., 2008) was 
used as endogenous control. Evaluation of the stability of the reference 
genes was done with geNorm software. The quantification of the transcripts 
level was done as described in Rieu and Powers (2009). The primers used 
for real time quantitative-PCR were TIP4 I:  Forw: 5`-AGTCATGCCTAG- 
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TGGTTGGTTCC-`3, Rev: 5`-TGAGCACTCCATCAACCCTAAGC-`3; SAND: 
Forw: 5`-TGCTTACACATGTCTTCCACTTGC-`3, Rev: 5`-AAACAGGACC- 
CCTGAGTCAGTTAC-`3; Exp: Forw: 5`-CTAAGAACGCTGGACCTAAT- 
GACAAG-`3, Rev: 5`-AAAGTCGATTTAGCTTTCTCTGCATATTTC-`3; CAC: 
Forw: 5`-AGTTTGTTGTTGAGGCTGTTACAC-`3, Rev: 5`-ACCGGACACCT- 
TCCTGAGTAATG-`3; 21-8: Forw: 5`-AGACGAGCATCGCCTGAACC-`3, 
Rev: 5`-GCTGCAACAATGGCTTTTCTTCTC-`3; 16-1: Forw:  5`-GCACATT- 
CACTACAAAACTTTCAGACTC-`3, Rev: 5`-TAGTTGTGAAATCTTCGAGG- 
AGATGTTG-`3; 21-10: Forw: 5`-CGGGTCTGAGTCAACAGAGGAC-`3, Rev: 
5`-TCATCCAGCTTCAACGGTGAGG-`3; 3-5: Forw: 5`-AATGTGGATG- 
TAAGAAATCAAGTCAATAAC-`3, Rev: 5`-GAATCCTTTTAAGTCAATCTTC- 
AGCTAGAG-`3; 5-5: Forw: 5`-TGGTTCAAACGTCTTAACGCGAATC-`3, 
Rev: 5`-CATTGCTTCTCATATAAAACAAGTCCATCC-`3; 18-14: Forw: 5`-
GATCCCAATAAAGGGTGGCGAATC-`3, Rev: 5`-TGCTGGTGCCTCC- 
TCCAAAC-`3;  17-6: Forw 5`-TGAGGAAGAGAGGGAGCAATAAGTG-`3, 
Rev: 5`-GCAGCAAACTTTATTCCATAATACATAGTG-`3; 12-3: Forw: 5`-
TTCTTTGGTGACTCGGCTACGG-`3, Rev: 5`-TGAGAACTTGTTCAGCA- 
GAGAATCTTC-`3; 17-4: Forw 5`-GGATTGTTATGTGTTCAAGAAGAT- 
GTCAG-`3, Rev: 5`-AGTGGTGATAGAGTAACTATTAAGCATGAG-`3.  
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Abstract 
It is well established that flooding-induced adventitious root formation is a 
process regulated by the interactions between several plant hormones. In 
the present study, we investigated the role of auxin and ethylene in 
adventitious root growth in the Eurasian wetland species Solanum 
dulcamara during flooding. Our results showed that flooding increased 
ethylene release from the stem to about 2.6-3.8 fold as compared to non-
flooded plants. Blocking ethylene perception by pretreatment of plants with 
1-MCP causes delay in the growth of the adventitious roots during flooding, 
implicating that ethylene perception is required in this process. Although our 
preliminary data showed that auxin content in the stem did not change after 
flooding, inhibiting polar auxin transport reduces the growth of adventitious 
roots. Furthermore, decapitation of the shoot and thereby elimination the 
auxin source, abolishes adventitious root growth during flooding. Treatment 
of plants with either auxin or ethylene alone was not sufficient to induce 
roots but application of the hormones together increases clearly root 
emergence. Based on these results we suggest a model for the hormonal 
interaction in S. dulcamara in which ethylene and auxin work together to 
regulate adventitious root growth upon flooding. 
 
 
Introduction 
Soil flooding reduces gas exchange between the root system and its 
environment and thereby causes a decrease in oxygen level as well as 
accumulation of carbon dioxide and ethylene (Sauter, 2000; Visser and 
Voesenek, 2003; Bailey-Serres et al., 2012a). 
In particular, oxygen around the root system is crucial for maintaining proper 
energy levels in plant cells, and decreases of oxygen concentrations in the 
flooded root system lead the plant to shift its aerobic respiration to anaerobic 
metabolic pathways (Bailey-Serres and Voesenek, 2008; Voesenek et al., 
2004). Creating sufficient energy under oxygen deficient conditions is 
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achieved by enhancing glycolysis and fermentation processes (Bailey-
Serres et al., 2012a). Well-adapted plants also show morphological 
responses that enable the plant to restore the contact with the atmosphere. 
These morphological adaptations, i.e., shoot elongation, aerenchyma and 
adventitious root formation are well pronounced in deepwater rice and 
Rumex palustris (Visser et al., 1996a; Voesenek et al., 2006; Fukao and 
Bailey-Serres, 2008). 
The internodal elongation of deepwater rice is suggested to be regulated by 
entrapment of ethylene in the flooded parts of the plant (Hattori et al., 2011). 
Raskin and Kende (1984a) measured an increase in ethylene concentration 
of about 100 times and an increase of CO2 of more than 20-fold in the 
internodal sections of deepwater rice after 3 days of submergence and 
observed a subsequent increase in the internodal length. By contrast, 
blocking ethylene biosynthesis by AVG resulted in a shorter internode 
(Raskin and Kende, 1984a). In addition to ethylene accumulation, flooding 
causes an increase in bioactive and inactive forms of gibberellin (GA), 
namely GA1 and GA20, respectively, in the internode sections of deepwater 
rice. Their levels were increased four and three folds after 24 hours of 
submergence, respectively (Hoffmann-Benning and Kende, 1992). Rice 
stem sections were not able to elongate when the gibberellin biosynthesis 
was inhibited by pretreatment with tetcyclacis (TCY), while addition of low 
concentrations of GA3 restored the response (Raskin and Kende, 1984b). 
Moreover, submergence or ethylene treatment decreased ABA level to 75% 
within the first 3 hours after treatments (Hoffmann-Benning and Kende, 
1992). Thus, accumulation of ethylene upon submergence may decrease 
ABA levels and thereby increase the GA level as well as the sensitivity of 
internodal tissue to GA (Kende et al., 1998). According to this model, 
hormonal interaction regulates the cell division and elongation events mainly 
through GA action causing ultimately elongation of the internodes in 
deepwater rice (Kende et al., 1998; Fukao and Bailey-Serres 2008; Hattori et 
al., 2009; Hattori et al., 2011). 
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Submergence-induced petiole elongation in Rumex species, preceded by 
hyponastic growth of the rosette leafs, showed to be regulated by a very 
similar hormonal network. Upon submergence, ethylene levels increase 
about 20 folds in the shoots of Rumex species due to entrapment of the gas 
under water and continued production (Voesenek et al., 1993; Banga et al., 
1996). This causes a decrease in the endogenous level of ABA in the 
petioles, of about 80%, and an increase in the GA20 and GA1 concentrations, 
of about 2 and 2,4 folds, leading to changes in hormonal balance in the 
tissues (Rijnders et al., 1997). Similarly to deepwater rice, the endogenous 
level of GA as well as the sensitivity for GA were shown to be increased in 
the petioles of Rumex palustris after 24 hours of submergence (Rijnders et 
al., 1997; reviewed by Voesenek et al., 2003). These changes in the 
hormonal balance finally result in the activity of expansin genes, mostly 
regulated by GA, leading to cell wall loosening, which regulates further 
petioles elongation (Voesenek et al., 2006). 
Furthermore, during submergence, the petioles of R. palustris undergo also 
a change in the angle along the stem (Cox et al., 2003). This hyponastic 
response, was suggested to be regulated by the interaction between 
ethylene, auxin, gibberellins, and ABA (Cox et al., 2004). Another important 
morphological adaptation feature of flooded plants is the formation of 
adventitious roots. Similarly to the shoot elongation response, ethylene is 
considered as a key regulator for adventitious root growth. In this aspect, 
rice and Rumex species were studied in most detail. In rice, the accumulated 
ethylene upon submergence induces cell death of the epidermal layer that 
covers the adventitious root primordia at the nodes, facilitating their 
emergence (Mergemann and Sauter, 2000). Treatment with GA only had 
very little effect in inducing roots to emerge, while combined application with 
ethephon, an ethylene releasing compound, increases the number of 
adventitious roots rapidly. On the contrary, ABA inhibited root emergence, 
also when it was combined simultaneously with ethephon and GA (Steffens 
et al., 2006). These authors suggested therefore a hormonal model in which 
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a synergistic interaction between ethylene and GA, and inhibitory action of 
ABA together regulate the process of epidermal cell death and adventitious 
root emergence and elongation in rice (Steffens et al., 2006). So far, auxin 
was suggested to have no role in adventitious root growth and internodal 
elongation in deepwater rice upon flooding. 
In R. palustris, an ethylene accumulation of 1.8 µL/L was measured in roots 
after de-submergence, following 24 hours of submergence. Inhibition of 
ethylene production decreased the number of adventitious roots induced by 
flooding while application of the ethylene precursor ACC partially restored 
the process (Visser et al., 1996b). Furthermore, it was found that 
accumulation of ethylene increased the sensitivity to auxin in the rooting 
zone, while at the same time no change in the endogenous free auxin 
concentration was detected upon flooding (Visser et al., 1996c). However, 
blocking polar auxin transport with N-1-naphtylphtalamic acid (NPA) 
decreased the number of adventitious roots after flooding (Visser et al., 
1995). Thus, in R. palustris, ethylene increases auxin sensitivity leading to 
adventitious root formation (Visser and Voesenek, 2004). 
Recently, hormonal interaction was suggested to regulate adventitious roots 
growth in the hypocotyls of flooded tomato (Vidoz et al., 2010). Ethylene 
production and IAA content were found to increase in different tissues of 
tomato after 24 hours of submergence (Vidoz et al., 2010). Application of the 
ethylene biosynthesis inhibitor AVG and the blocker of auxin transport NPA, 
had a negative effect on the formation of adventitious roots (Vidoz et al., 
2010). These authors suggest that flooding causes entrapment of ethylene 
which in turn stimulates auxin transport and its accumulation in the flooded 
hypocotyl. This triggers additional ethylene synthesis and thereby induces 
formation of the adventitious roots (Vidoz et al., 2010). The interaction 
between these two hormones was supported by investigating adventitious 
root formation in the auxin and ethylene insensitive mutants of tomato, 
namely diageotropica (dgt) and Never-ripe (Nr), respectively. In the 
hypocotyl of Nr, the number of adventitious roots formed was reduced as 
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compared to the wild type. On the other hand, ethylene evolution in dgt was 
not increased upon flooding as compared to flooded wild type tomato (Vidoz 
et al., 2010). Although tomato is able to form adventitious root upon flooding, 
it is considered as flood-intolerant species. 
Solanum dulcamara is a wild flood-tolerant species with adventitious root 
primordia already formed on the stem, which respond very fast to flooding by 
forming roots. The sequence of the hormone signaling pathways that initiate 
this fast growth process is not known. To learn more about this mechanism, 
we investigate the role of hormones, namely ethylene and auxin, and their 
possible interaction in adventitious root development during flooding.  
 
 
Results  
 
Low oxygen is not necessary for induction of adventitious roots in S. 
dulcamara 
Soil flooding reduces oxygen levels in the soil and subsequently in the 
flooded root system (Bailey-Serres and Voesenek et al., 2008). In some 
species, experimentally applying hypoxia alone can already induce the 
morphological adaptations caused by flooding. In order to investigate the 
effect of low oxygen on the growth of adventitious root growth in S. 
dulcamara, we treated two groups of plants with flooding alone (F) or 
flooding with additional aeration (FA). In the latter group, plants were 
partially submerged like the former group, but the floodwater was heavily 
flushed with air. This prevented boundary layers to gas diffusion to occur 
around the submerged stem parts and thus relieved hypoxia stress. 
Surprisingly, plants of both the F- and the FA-treatment developed large 
numbers of adventitious roots, with a similar percentage of outgrowth of 
primordia (Figure 1). Interestingly, the original root system of FA-treated 
plants clearly developed much more profoundly during the flooding 
treatment, even resulting in roots growing out of the holes in the bottom of 
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the pot. Instead, growth of the original root system was substantially 
retarded in plants in the F-treatment (Figure 1).  
 
 
 
Figure 1. Adventitious root growth in S. dulcamara after partial submergence, 
or after submergence combined with aeration. Two groups of plants were flooded 
(F) and flooded with aeration (FA). Water levels were kept at 15 cm above the soil for 
7 days and then removed for photography.  
 
Furthermore, we investigated if low oxygen treatment alone, without 
flooding, can induce adventitious root growth in S. dulcamara. For this 
experiment, plants were flushed in a gas-tight cuvette with either 0, 1, 3 or 
10 kPa of oxygen, or with air (21 kPa oxygen), respectively. As a positive 
control, another group of plants were flooded. These treatments did not 
result in adventitious root formation, except in the flooded plants (Table 1).  
These preliminary data suggest that oxygen availability does not affect the 
activation of the primordia. 
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Table 1. Effect of low oxygen on adventitious root growth in S. dulcamara. 
Adventitious root growth was scored by eye on the 7
th
 day of treatment (± SE). Four 
different concentrations of oxygen were applied to plants kept in glass aquaria, 
whereas 21 kPa oxygen was supplied as air. The water level in the partially 
submergence treatment was kept at 15 cm above the soil.  
 
Treatment 
% of primordia developed  
into adventitious root 
Partial submegence  93 (± 6.8) 
Oxygen treatment    
21 kPa 0 
0 kPa 0 
1 kPa 0 
3 kPa 0 
10 kPa 0 
 
 
Ethylene accumulates upon submergence and its perception is 
required for timely adventitious root growth in S. dulcamara   
Submergence typically causes ethylene accumulation in the plant, which is 
associated with the induction of adaptive responses. Therefore, we set up a 
system to detect changes in the amount of ethylene present in the stem of S. 
dulcamara during submergence. Since direct measurements of internal 
ethylene concentrations are not feasible, we approximated these 
concentrations by measuring the release of ethylene from the submerged 
part of the stem. This was done by mounting a cuvette around the lower 
piece of the stem. In the flooding treatment, the stem was partially 
submerged for 24 and 48 hours and ethylene release was measured without 
water (Figure 2A and B) or with water (Figure 2C) in the cuvette.  
After submergence, the amount of ethylene released from the stem clearly 
increased, from 1.08 ± 0.2 nl and 2.08 ± 0.3 nl, after 24 and 48 hours 
respectively, in non-flooded plants to 4.2 ± 0.7 nl after 24 hours and 5.8 ± 1.9 
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nl after 48 hours in partially submerged plants (Figure 2 A and B). Similar 
results were obtained when the cuvette was partially filled with water (Figure 
2 C). After 4 days of submergence the release of ethylene was reduced by 
half, compared to the level measured after 48 hours of submergence (data 
not shown). 
All together, the amount of ethylene released from the stem, from which 
adventitious roots grow, indicates clearly an increase of this hormone after 
submergence. Whether a linear increase in ethylene release occurred is not 
clear with this experimental setup and probably a real time measurement will 
give more clear insight about the trend of ethylene increase. 
 
 
Figure 2. Release of ethylene from the stem of S. dulcamara after 24 and 48 hours 
upon submergence, using a sensitive laser-based ethylene detector. Ethylene was 
measured with a rate of 1 L/h after 24 hours (A) and 48 hours (B) of submergence 
without water in the cuvette; (C) similar to A  and B but, with water added in the 
cuvette. For (A), (B), and (C), significant difference was obtained by t-test (P<0.05) 
and indicated by asterisks (*). Data are means ± SE (n= 2 and 3 for control and 
submerged plants, respectively).   
 
To further investigate the role of ethylene in adventitious root growth, we 
inhibited its perception by pretreating plants 20 hours prior to submergence 
with 1- methylcyclopropene (1-MCP), which binds to the ethylene receptor 
with high affinity (Blankenship and Dole, 2003). This treatment delayed the 
emergence of adventitious roots, compared to non treated plants (Figure 3). 
After 3 days of flooding, only 10% of the primordia had developed into roots 
Ethylene and auxin regulate adventitious root formation  
in Solanum dulcamara during flooding 
 
 111 
in plants treated with 1-MCP, as compared to 76% and 89% in mock treated 
and control flooded plants, respectively. However, after 4
 
days of flooding, 
the number of adventitious root also increased in 1-MCP pretreated plants, 
and between 5 and 7 days after submergence, total outgrowth of primordia 
was the same as in control plants (Figure 3).  
These data indicate that temporal inhibition of ethylene perception by 
pretreatment with 1-MCP causes a delay in adventitious root growth, but 
does not permanently inhibited the outgrowth of roots.  
 
 
 
 
Figure 3. Effect of inhibition of ethylene perception on adventitious root 
growth. Three groups of plants were treated with 5 µl/l 1-MCP, 0 µl/l 1-MCP, and not 
treated. The visible growth of adventitious roots was scored daily from 20 primordia 
per plant. Data are means ± SE (n=7). 
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Auxin transport is necessary for adventitious root growth in S. 
dulcamara  
Auxin and auxin transport were shown to be important in the growth of 
adventitious roots after submergence in some species. Therefore we 
measured auxin concentrations in dissected primordia and in adjacent stem 
parts pooled from twelve S. dulcamara plants, before and after 
submergence. Table 2 shows that although these results are preliminary and 
the number of data points is limited, no big change in the auxin content 
occurred in the primordia and stem upon flooding (Table 2). 
 
 
Table 2. IAA content in the primordia and stem tissues after 24 hours of partial 
submergence.  
Tissue-type  
IAA  content in µmol/mg 
Control ( non flooded ) After 24 hours flooding  
Primordia  0,83 0,64 
Stem  0,69 0,98 
 
In a pharmacological experiment, we treated S. dulcamara plants with N-1-
naphthylphthalamic acid (NPA), an inhibitor of polar auxin transport. Control 
plants that were flooded but not treated with NPA showed fast adventitious 
root formation, whereas adventitious roots in NPA treated plants developed 
much slower, and also fewer  adventitious roots were formed (Figure 4).  
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Figure 4. Effect of inhibition of auxin transport on adventitious root formation. 
Plants were either treated with 0 or 1 mM NPA in water, or not treated, before being 
submerged. The visible growth of adventitious roots was scored daily from 20 
primordia per plant. Data are means ± SE (n=7). 
 
Supplementary confirmation about the role of auxin transport in adventitious 
root formation was obtained when polar auxin transport was blocked by 
removing all the apical meristems of the shoot. Such decapitated plants 
were completely unable to develop adventitious roots (Figure 5).  
Interestingly, replacing the decapitated shoot with an agar block with the 
synthetic auxin 1-naphthylacetic acid (1-NAA) partially rescued the growth of 
adventitious roots (Figure 5). These results suggest that polar auxin 
transport is necessary for flooding induced adventitious root growth in S. 
dulcamara, with the shoot probably being the main source of auxin.   
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Figure 5. Adventitious root growth after shoot-decapitation. Three groups of 
plants were used, two of them were decapitated and treated either with 0 mM 1-NAA 
or 1 mM 1-NAA, and not treated. The visible growth of adventitious roots was scored 
daily from 20 primordia per plant. Data are means ± SE (n=4 for control group; n=7 
for decapitated groups). 
 
Ethylene and auxin together are sufficient to activate the adventitious 
roots primordia  
So far our results have indicated that both ethylene and auxin are necessary 
for adventitious root growth in S. dulcamara upon flooding. We know from 
previous experiments (Chapter 2) that keeping the stem with the primordia in 
high humidity air may facilitate root emergence. Using such humid conditions 
we determined if auxin and ethylene could induce this process. Plants were 
treated with different concentrations of 1-NAA (Figure 6) in an atmosphere 
of 93% relative humidity, with or without ethylene. Root emergence was then 
determined on the 7
th
 day after the start of experiment.  
The results showed that on average only less than 10% of the roots 
emerged in control plants kept under high humidity (Figure 6). Treatment 
with auxin alone and with ethylene alone induced the growth of just 13% of 
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the root primordia, whereas in plants treated with the highest auxin 
concentration (25 µM) together with ethylene, 86% of the primordia 
developed into an adventitious root. Notably, also lower concentrations of 
auxin, when combined with ethylene, resulted already in approximately 50% 
outgrowth of roots (Figure 6). 
 
 
Figure 6. Adventitious root growth after treatment with auxin, ethylene, or both. 
Percentage of primordia outgrowth into adventitious roots was recorded from 15 
primordia located on the lower stem segment up to 15 cm above the soil. All plants 
were kept under high humidity conditions.  
 
All together, this experiment indicates that auxin and ethylene are together 
sufficient to induce adventitious root growth in S. dulcamara, even if plants 
are not submerged in water. 
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Role of other hormones in adventitious root growth in S. dulcamara 
during flooding 
GA and ABA might together with ethylene regulate epidermal cell death and 
adventitious root emergence in rice (Steffens et al., 2006). With respect to a 
role for ABA, we quantified ABA content in dissected primordia and stem 
explants pooled from twelve S. dulcamara plants, before and after 
submergence. ABA content was strongly decreased in both tissues after 24 
hours of flooding (Table 3). Interestingly, flooded primordia showed a 
stronger decrease (to about 11 fold), while stem explants showed a more 
moderate decrease (but still 7 fold). These preliminary data indicate that 
ABA might be a candidate for being a suppressor of adventitious root growth 
in S. dulcamara, although we did not follow up on this with further 
experiments. 
 
Table 3. ABA content in primordia and stem tissues in control, non flooded 
conditions and after 24 hours of submergence. 
 
Tissue  
ABA content in µmol/mg 
Control (non flooded)  After 24 hours flooding  
Primordia 1.29 0.11 
Stem 2.28 0.30 
 
 
Discussion 
The decrease in oxygen level around the flooded parts of a plant is 
considered as an important signal that triggers the plant to adjust its aerobic 
respiration to anaerobic metabolic pathways in order to maintain generating 
energy during short term flooding (Bailey-Serres and Voesenek, 2008). In 
well adapted plants, physiological and morphological changes occur, i.e., 
shoot elongation and aerenchyma and adventitious root formation (Bailey-
Serres et al., 2012b).  
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Adventitious root growth was induced by hypoxia treatment in R. palustris 
but not on the hypocotyls of tomato (Visser et al., 1995) under similar 
conditions. Our data showed that applying extra air to the submerged parts 
of the plant does not cause differences as compared to the plants 
submerged without additional air (Figure 1). A similar effect was observed in 
flooding induced adventitious root formation in sunflower after 10 days of 
flooding combined with aeration (Wample en Reid, 1975). However, 
treatment of plants with hypoxia under high humidity conditions should be 
performed for a better understanding of this process.  
Ethylene was shown to accumulate in the submerged parts of the plants in 
several species like Rumex, rice, maize, tomato, and sunflower (Visser et al., 
1996b; Voesenek et al., 1993; Raskin and Kende, 1984a; Drew et al., 1979; 
Vidoz et al., 2010; Wample and Reid, 1978). In agreement with these 
studies, we also detected an increased release of ethylene from the shoot of 
S. dulcamara, of more than two fold after 24 and 48 hours of flooding (Figure 
2). We knew from our previous results (Chapter 2) that the submergence 
response is local, indicating that the submergence signal is immobile. One 
hypothesis could be that ethylene accumulation is tightly restricted to the 
submerged tissue. However, the present study showed no differences in rate 
of ethylene release when the cuvette around the stem itself was filled with 
water or not. 
Interestingly, ethylene release remained high up to 48 hours after flooding, 
but after 96 hours was decreased and only a little bit higher than that in 
control non flooded plants (data not shown). Similar results were obtained by 
Banga et al. (1996) who showed that ethylene concentrations were 
decreased after the 2
 
days of flooding in R. palustris, the flooding-tolerant 
species, whereas this did not happen in the flooding-sensitive R. acetosella 
(Banga et al., 1996).  
The origin of the ethylene that accumulated in the shoot was investigated in 
rice and Rumex species. In the former it was shown to result from its 
entrapment as well as from its enhanced biosynthesis (Fukao and Bailey-
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Serres, 2008), and in Rumex, it was originated by entrapment and by 
continued production (Voesenek et al., 1993). In our data only one peak of 
ethylene was detected due to stop-flow system. Therefore, it is hard to 
determine the origin of the accumulated ethylene due to the used 
experimental setup. Furthermore, different plant parts are involved in the 
production of ACC or ethylene. In tomato, it was described that during soil 
flooding ACC accumulates in the root system and is transmitted through the 
xylem sap to the shoot causing ethylene production leading to leaf epinasty 
(Jackson, 2002). The ethylene measured from the shoot of R. palustris 
exclusively escaped from the shoot and not from the flooded root system 
(Voesenek et al., 1993). In tomato, ethylene production was higher in the 
leaf than in the hypocotyl where from adventitious root develop (Vidoz et al., 
2010)  In our case, we cannot conclude if the released ethylene from the 
stem was resulted from the shoot its self or from the root system.  
Ethylene perception is in several species of utmost importance in regulating 
adventitious root growth and inhibiting its action reduces the growth of these 
roots (Visser et al., 1996b; Mergemann and Sauter, 2000; Vidoz et al., 
2010). In the present study, pretreatment of plants with 1-MCP caused a 
delay in the adventitious root growth mainly up to 3-4 days after flooding 
(Figure 3). 1-MCP is supposed to bind almost permanently to the ethylene 
receptors, and any further recovery of the ethylene sensitivity in time is 
therefore most likely caused by production of new receptors (Blankenship 
and Dole, 2003). We thus assume that the rescue in adventitious root growth 
during flooding in S. dulcamara pretreated with 1-MCP results from break-
down of occupied receptors and appearance of new sites for ethylene 
binding (Figure 3). Concluding, we suggest that ethylene needs to 
accumulate and its perception is required in adventitious root growth in S. 
dulcamara upon flooding.  
During submergence, polar auxin transport is required in adventitious root 
growth in many species, like R. palustris, tomato, sunflower, tobacco, and 
rice (Visser et al., 1995; Vidoz et al., 2010; Wample and Reid, 1978; 
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McDonald and Visser, 2003; Xu et al., 2005). Treatment with NPA, a polar 
auxin transport inhibitor, reduced the total number of adventitious roots 
induced by flooding (Figure 4), even though our preliminary data showed 
little changes in auxin content in primordia and in stem upon flooding (Table 
2). A similar response was found in R. palustris, where endogenous IAA 
content did not change when plants were soil-flooded (Visser et al., 1996c). 
This supports the hypothesis that also a change in auxin sensitivity might be 
involved, or that very localised cellular changes in concentrations occur by 
specific re-orientation of auxin transporters and thus auxin transport. In 
Arabidopsis seedlings, emergence of the lateral root primordia was 
dependent on the auxin derived from the first two leaves and the process 
was inhibited when they were removed (Bhalerao et al., 2002). Also removal 
of the leaf blades of R. palustris prevented the hyponastic growth of petioles 
after submergence (Cox et al., 2004). In S. dulcamara, we demonstrated 
that removing the source of auxin by decapitation of the shoot abolished 
adventitious root growth, while application of the synthetic auxin 1-NAA on 
the cut stem partially restored this process (Figure 5).  
Ethylene and auxin interact in different ways to regulate adventitious root 
growth during flooding. In Rumex palustris, ethylene increases the sensitivity 
to auxin and thereby induces adventitious roots (Visser et al., 1996c). In 
flooded tomato both hormones affect each other on the level of gene 
expression to regulate the process (Vidoz et al., 2010). In rice, auxin has no 
effect, but GA and ABA regulate antagonistically the ethylene mediated 
epidermal cell death and subsequent root emergence (Steffens et al., 2006). 
In R. palustris, application of ethylene or auxin alone can induce adventitious 
root growth (Visser et al., 1996c; Visser et al., 1995), but in S. dulcamara 
high numbers of adventitious roots only developed when ethylene and auxin 
were simultaneously applied to the plant (Figure 6). We suggest therefore 
that these two hormones are needed together to regulate the process. 
Involvement of other hormones like GA and ABA needs to be investigated 
further. However, ABA content greatly decreased in flooded primordia, 
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implicating the possibility that ABA is a negative regulator of adventitious 
root growth in S. dulcamara (Table 3). Furthermore, although we did not test 
the role of strigolactone, it is possible that this hormone, as ABA, also 
inhibits adventitious root formation in S. dulcamara (Rasmussen et al., 2012; 
Kohlen et al., 2012). 
 
 
 
 
Figure 7. Schematic model of hormonal mechanism regulating adventitious 
root growth in Solanum dulcamara during flooding. 
 
In conclusion, we have shown that flooding increases the ethylene level in S. 
dulcamara, and that ethylene perception and polar auxin transport from the 
shoot are necessary to trigger the primordia to develop into adventitious 
roots (Figure 7). Whether ethylene increased the sensitivity of the stem for 
auxin, like in some species, needs to be investigated.  
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Material and methods 
 
Plant material and growth conditions 
Solanum dulcamara wild type plants were grown from seeds of the 
accession A54750008, originally collected from Wychense ven, Wijchen, the 
Netherlands, and supplied by the Experimental Garden and Genebank, 
Radboud University Nijmegen, the Netherlands (for additional information 
see www.ru.nl/bgard/). Seeds were sown on vermiculite in plastic pots of 10 
cm height and 13 cm diameter. These were kept in dark at 4
0
C for three 
days and then grown under standardized greenhouse conditions, with a daily 
temperature regime of 20-23 
0
C
 
(day) and 15-18 
0
C (night), with additional 
light supplied by high pressure sodium lamps (SON-T; 600W; Philips). Three 
weeks old seedlings were individually transplanted in 12 x 11 x 11 cm (h x w 
x d) plastic pots filled with potting soil and kept further under the same 
conditions. The plants were watered daily and fertilizer was applied once 
every two weeks till the plants were 10 to 12 weeks old and ready to be 
experimentally treated. Primordia usually started to become visible on the 
stem when plants were 8 weeks old. About 15 to 20 primordia on the stem 
up to 15 cm above the soil were circled with permanent pen marker two or 
three days prior to treatment of the plants with flooding, 1-MCP, NPA,  1-
NAA, and ethylene.  
 
Hypoxia treatment  
In this experiment, five groups of plant were treated with low oxygen and the 
control group was flooded. Of each group 3 plants were kept together in the 
glass containers of 60 x 40 x 32 (h x w x d). During this treatment, each 
container was flushed with either 0, 1, 3, 10, or 21 kPa of oxygen. These 
concentrations were obtained by mixing air with nitrogen gas at different 
concentrations. The open top of each container was wrapped with plastic foil 
in order to avoid the changes of the low oxygen concentration during 
experimental time. During this treatment, the gas was flushed at 10 L m
-1 
into 
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each container for one week, except for the flooding treatment. Adventitious 
root emergence was scored in the all groups on the 7
th
 day after flooding.  
 
Treatment of flooding with aeration 
We treated 2 groups of plants, each 3 plants with flooding (F) alone or 
flooding with aeration (FA). Each plant was kept in one aquarium, 60 x 21 x 
21 cm (h x w x d). In respect to the FA-group, plants were partially 
submerged and the flood-water was flushed with air was flushed at 1.75 L 
min
-1 
in the bottom of the pot nearby the original root system and also nearby 
the flooded stem portion while the plants belong to F-group were flooded 
without any aeration. The visible growth of adventitious roots was daily 
scored up to seven days after flooding. 
 
Ethylene measurement  
Nine plants were used for this experiment. The side branches and leaves 
located on the 15 cm stem segment above the soil were removed to be able 
to fix a cuvette around the stem at 3 days prior to the start of an experiment 
to eliminate the effect of wound-induced ethylene production. Cuvettes 
consisted of an upright glass cylinder that was vertically cut into two, 
containing inlets and outlets for gas flow, and that could be fixed around a 10 
cm segment stem above the soil using Terastat Butyl–IX  putty (provided by 
Dr. SM Cristescu; Department of Molecular and Laser Physics; Radboud 
University Nijmegen; the Netherlands). One day before the onset of flooding, 
the cuvettes were fixed around the stem segment. The first internode, 
reaching to about 2 cm above the soil, was not included in the cuvette. The 
inlet and outlet of the cuvette were connected to the valve control box of an 
ethylene detector (type ETD-300, Sensor Sense B.V., Nijmegen, the 
Netherlands). This valve control box allowed to measure ethylene 
accumulation in the cuvette by using a stop-flow mode, where normally 
ethylene-free air (passing through a catalyst to remove any traces of 
hydrocarbon gases) was flushed through the cuvette at a rate of 1 L h
-1
, and 
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at the moment of measuring the flow was stopped for 1440 min, after which 
the flow re-started, allowing measurement of the accumulated ethylene. In 
this way, even low evolution rates of ethylene can be detected (Cristescu et 
al., 2008). Interfering CO2 and water were removed from the gas flow by 
using a KOH-scrubber and a CaCl2-scrubber, respectively. Each plant was 
flooded individually in a container of 24 cm diameter and 26 cm height. 
Plants were submerged partially to 8 cm above the soil and kept in a growth 
chamber (SANYO Electric Co., Ltd., Versatile Environmental test chamber, 
Model MLR-351H made in Japan; 60% RH, 16/8 hours 22
0
C
 
/20 
0
C 
day/night).  
 
Blocking ethylene perception 
Three groups of plants, each consisting of 7 plants, were used. Twenty 
primordia on a segment of the stem up to 15 cm above the soil were circled 
with a permanent pen marker two or three days prior to the treatments. Two 
of the groups were either pretreated with 5 µl/l 1-MCP or with air in an 
Inflatable glove chamber with a size of approximately 600 l (type 108D-X-37-
37, Instruments for Research and Industry, Cheltenham, Pennsylvania, 
USA) for 20 hours at dark conditions before submergence. This 
concentration of 1-MCP was obtained by dissolving 4.82 g of Ethylbloc 
(Floralife, inc., 751 Thunderbolt Drive, Walterboro SC 29488, USA) in 100 ml 
water, which was placed in an open petridish in the glove bag, to facilitate 
the diffusion of the produced 1-MCP into the atmosphere. A third group of 
plants was kept under control growth conditions and was placed in a glove 
bag. After pretreatment, all plants of these three groups were flooded 
individually in glass containers as described in chapter 2, and the 
emergence of adventitious roots was daily scored up to one week after 
flooding.  
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Blocking of auxin polar transport  
Three groups each consist of seven plants were used in this experiment. 
The main stem, branches, apical meristems were sprayed with 0 or 1 mM 
NPA (naphthylphthalamic acid; Duchefa Biochmie, Haarlem, the 
Netherlands; solutions were prepared by first dissolving NPA in a small 
volume of 1 N NaOH and then further diluting with water) via a spray bottle, 
with only the lowest 15 cm stem portion of the main stem remaining 
untreated. Plants of the mock group were sprayed with a similar amount of 
1N NaOH in water. Spraying was done at one day before, at the start of and 
one day after the onset of flooding. A control group was kept without any 
treatment. The adventitious root emergence was scored from each plant 
daily up to one week after flooding.   
 
Ethylene and 1-NAA treatments 
Eight plants of 10 weeks old were kept individually under high humidity 
conditions in the glass containers as described in the material and methods 
of chapter 2. Four of these plants were treated with auxin and ethylene 
together. Ethylene at 5 µl/L was flushed into the containers using bubble 
stones at a rate of 1.75 L/min. Treatment with ethylene was combined with 
1-NAA for the first three days. The lowest 15 cm stem portion of the main 
stem was sprayed with either 0, or 1, or 5, or 25 µM of 1-NAA (1-
Naphthalene acetic acid; Duchefa Biochemie, Haarlem, the Netherlands; 
solutions were prepared by first dissolving 1-NAA in a small volume of 1 N 
NaOH and then further diluted with water). The other group of 4 plants were 
treated similarly but without ethylene treatment. The adventitious roots 
emergence was scored once 7 days after the onset of treatments.  
 
Shoot decapitation experiment 
Three groups of plants were used for this experiment. Plants of two groups 
were decapitated by removing the shoot leaving only a stump of the main 
stem up to 20 cm above the ground. The control group was left untreated. 1-
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NAA (1 mM) was dissolved in 1% (w:v) micro-agar (Duchefa Biochemie, 
Haarlem, the Netherlands) and then left to solidify in 2 ml eppendorf tubes. 
The stump of each decapitated shoot was fixed in tubes of agar containing 1 
Mm 1-NAA and left overnight to acclimatize, after which they were flooded. 
The same setup was applied for the plants belonged to the mock group, but 
with 0 mM 1-NAA. The plants of the three groups were flooded on the next 
day and the adventitious root growth was scored daily up to 7 days.   
 
IAA and ABA detection and quantification by liquid chromatography-
tandem mass spectrometry 
Two groups of twelve plants were used. The plants of both groups were 
divided over 4 boxes, each containing 6 plants. In two boxes the plants were 
partially flooded (up to the 15 cm stem above the soil) while the plants of the 
second group were kept without flooding in the other two boxes. After 24 
hours of flooding, root primordia and explants from the stem were dissected 
and frozen directly in liquid nitrogen. Samples were then grinded to powder 
and further used for IAA and ABA quantification as described in Ruyter-Spira 
et al. (2011), López-Raéz et al. (2010) and Nitsch et al. (2012). 
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Abstract 
In Solanum dulcamara, adventitious root growth from the preformed 
primordia upon flooding is a process that includes two main phases: 
activation of the primordia and subsequently the emergence of a new root. In 
this study by using RNA-sequencing analysis, we detected the expression of 
28690 genes, of which about 800 were ≥4 fold up-regulated and a similar 
number down-regulated after 24 hours of submergence. Several functional 
gene sets were significantly enriched with modulated genes. Down-
regulation of many cell cycle and cell-wall modifying genes in the stem 
suggested a state of quiescence was imposed on this tissue, while a 
different set of cell wall modifying genes was specifically induced in the 
primordia, potentially anticipating the imminent growth phase. Enhancement 
of ethylene signaling seemed largely common to both primordia and stem, 
while up-regulation of auxin responses and down-regulation of ABA 
responses was more pronounced in the primordia. The homologs of a set of 
auxin-responsive key regulators of de-novo lateral and adventitious root 
formation from Arabidopsis and rice were induced in the primordia of S. 
dulcamara during re-activation by flooding, indicating unexpected similarity 
between these two processes. Detailed expression analysis of a number of 
flooding-induced genes suggested that ethylene and auxin can partly mimic 
the flooding response at the transcriptional level and that there is cross-talk 
between the two hormones via induction of the auxin efflux carrier SdPIN2 
by ethylene. Silencing of this gene shows that it participates in the 
emergence process. All together, the data presented here indicate that 
activation of the primordia by flooding is regulated by specific gene 
expression profiles and hormones are involved in the regulation of these 
genes. 
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Introduction 
Soil flooding is one of the most commonly occurring abiotic stresses that 
affect plant growth and performance. The primary effect of this stress is 
lowering gas diffusion, which is about 10.000 less in water than in air 
(Armstrong et al., 1991). This leads to alteration in the gas balance in the 
plant, i.e. lowering of oxygen levels and accumulation of ethylene and 
carbon dioxide (Bailey-Serres and Voesenek, 2008). These in turn induce 
transient changes in gene expression profiles. In many plants species genes 
involved in signal transduction and hormonal response, photosynthesis, 
anaerobic metabolism, secondary metabolism, cell wall, ethylene 
biosynthesis were rapidly modulated in response to flooding (Arabidopsis: 
Lee et al., 2011; soybean: Komatsu et al., 2009; Nanjo et al., 2011; tobacco: 
Lee et al., 2007; cotton: Christianson et al., 2010; cucumber: Qi et al., 2012; 
maize: Zhang et al., 2006).  
To prevent a long energy crisis, some plant species, in particular the flood-
tolerant ones, show morphological adaptations like elongation of the shoot, 
formation of aerenchyma and adventitious roots in order to restore the 
plant's contact with the atmosphere (Bailey-Serres and Voesenek, 2008). In 
flood-tolerant species like Rumex palustris, rice, and S. dulcamara, 
formation of adventitious roots occurs very rapidly upon flooding, as the 
roots emerge from preformed primordia (Visser et al., 1996; Lorbiecke and 
Sauter, 1999; Chapter 2). So far, there is limited knowledge about the genes 
associated with the activation of these primordia to grow into adventitious 
roots upon flooding. In deepwater rice, adventitious root emergence is 
preceded by cell death of the epidermal layer covering the primordia 
(Mergemann and Sauter, 2000). Ethylene and hydrogen peroxide co-
regulate this cell death by activating specific genes during this process 
(Steffens and Sauter, 2009). Mutants defective in the formation of the crown 
root in deepwater rice have been identified, namely, crown rootless1 and -5 
(crl1 and crl5) (Inukai et al., 2001; Kitomi et al., 2011). CRL5 encodes a 
member of the AP/ERF transcription factor family, while CRL1, known also 
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as Adventitious rootless1 (ARL1), encodes a member of the family of plant-
specific ASYMMETRIC LEAVES2 (AS2)/ LATERAL ORGAN BOUNDARIES 
(LOB) domain proteins (Kitomi et al., 2011; Liu et al., 2005). The expression 
of CRL1 and -5 was induced rapidly by application of auxin, suggesting that 
they both are targets for AUXIN RESPONSE FACTORs (ARF) in the auxin 
signaling pathway (Inukai et al., 2005; Kitomi et al., 2011). The emergence 
of crown roots was shown to be dependent on the auxin transport efflux 
carrier OsPIN1, a homologue of Arabidopsis AtPIN1, (Xu et al., 2005) and 
adventitious root emergence was inhibited in OsPIN1 RNA interference 
plants in a similar way as it was reduced in wild type rice plants treated with 
the auxin transport inhibitor NPA (N- 1-naphtylphtalamic acid) (Xu et al., 
2005). In flooded tomato plants, ethylene accumulation induces expression 
of the Never ripe gene which in turn stimulates auxin transport and its 
accumulation in the flooded hypocotyl. This induces additional ethylene 
synthesis via the Diageotropica gene that induces the expression of LeACS3 
and LeACS7, which are genes coding for ACC synthase, an enzyme that is 
often rate-limiting in ethylene biosynthesis. By this way adventitious root 
formation is induced on the hypocotyls of tomato during flooding (Vidoz et 
al., 2010). 
Our previous transcriptome profiling of adventitious root primordia in S. 
dulcamara using the cDNA-AFLP technique indicated that flooding induces 
changes in gene expression during this process (Chapter 3), and that the 
transcriptomic response was very similar in primordia cells and in the 
surrounding stem. To forward our understanding about the molecular 
mechanism that enables only the primordia and not other parts of the stem 
to grow into adventitious roots, we undertook a large-scale transcriptome 
analysis using RNA-sequencing. This method is nowadays widely applied 
due to its advantages as compared to hybridization-based approaches. 
Contrary to microarrays, RNA-sequencing can be used for non-model-
species for which genome information is not available. The results obtained 
from this study should enable us to identify the molecular mechanisms by 
Chapter 5 
 136 
which the dormant primordia are re-activated to grow into an adventitious 
root upon flooding.  
 
Results 
 
Whole transcriptome assembly of S. dulcamara 
To be able to analyse the transcriptomic response to submergence on a 
genome-wide scale, we assembled a large part of the whole transcriptome 
from short sequence reads generated by next-generation sequencing 
technology. Seventeen different S. dulcamara cDNA libraries were 
sequenced (Supplemental Tables 1 and 2) and the reads combined to build 
a consensus transcriptome de novo using the Trinity package. This resulted 
in an assembly of 32.157 contigs of more than 500 nts in size, with an 
average length of 1.346 nts (Supplemental Table 3). The dataset 
encompassed 24.193 unigenes, of which 3.885 were clusters with multiple 
variants, expected to comprise allelic variants, splice variants, nearly-
identical paralogs or mis-assemblies. 
To attach biological information to each contig sequence similarity search 
with BLASTx was performed against all tomato, potato and Arabidopsis 
predicted proteins as well as the UniProtKB/Swiss-Prot sequence set (The 
UniProt Consortium, 2012). According to this analysis, 85% of the contigs 
presented at least one match at an e-value of e
-10
. The remaining 15% that 
did not match any protein were searched against the GenBank nucleotide 
non-redundant database with BLASTn. The majority of the first hits (88%) 
were sequences coming from Solanaceae species, with tomato the most 
represented. These sequences most likely represent UTRs or as yet un-
annotated protein coding loci. The remaining sequences were similar to 
nuclear genes in GenBank (5%), mitochondrial DNA (4%), plastidial DNA 
(1%) or ncRNAs, repetitive elements and sequences annotated as genomic 
markers (2%). In the end, this left 2.916 contigs, equal to ~9% of the 
assembled transcriptome, with no significant match in protein and nucleotide 
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databases. The contigs in this dataset may encode for novel proteins, 
represent non-conserved UTR regions or, alternatively, are mis-assemblies. 
 
Transcriptomic response of adventitious root primordia of S. 
dulcamara to submergence 
In order to characterise the gene expression program in the flooded 
primordia in S. dulcamara, primordia and bordering stem tissues were 
dissected separately from control plants and plants partially submerged for 
24 hours. Total RNA was isolated for RNA-sequencing with Illumina 
HiSeq2000 technology and the obtained reads were mapped uniquely to the 
S. dulcamara transcriptome assembly. 
In this way, we detected expression of 28.690 transcripts, corresponding to 
89% of all transcripts in the assembly (Supplemental Table 3). A total of 783 
transcripts were found to be significantly up-regulated ≥4 fold in primordia 
and stem by the flooding treatment (Table 1). Of these, 229 were specific for 
primordia and 282 for the stem, while 272 transcripts were induced in both 
tissues. Similarly, 802 genes were down-regulated ≥4 fold in both primordia 
and stem, of which a significant part was repressed in both tissues (Table 1). 
Both sets consisted of a mix of structural genes, regulatory genes and genes 
of unknown function. 
To validate the RNAseq results we selected eight genes involved in 
signaling or transcriptional regulation that were up-regulated according to the 
RNAseq experiment and tested their expression in a new set of samples of 
primordia and bordering stem, taken from 24 hours flooded and control 
plants. While one of the genes (LOB domain protein-like) was slightly, but 
significantly induced also in the stem after 24 hours of submergence, 
induction of seven out of eight transcripts was specific for the primordia, thus 
confirming the RNA-sequencing data (Figure 1). The fold induction 
determined in the qPCR experiment was comparable to the RNAseq 
experiment for five of the genes; only in three cases, especially in case of 
bZIP98, the induction appeared lower in the qPCR experiment (Figure 1). 
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 (A) 
 
S. dulcamara 
transcriptome 
Reads/Kb FoldChange 
Functional annotation 
Id cp fp cp_fp 
comp22982_c0_seq1 0,9 232,2 247,3 Transcription factor bZIP98   
comp26185_c0_seq1 4,2 164,6 39,1 Receptor-like protein kinase   
comp23352_c0_seq1 12,2 317,4 26,0 BZIP transcription factor family protein 
comp28330_c0_seq1 3,5 64,1 18,4 Auxin efflux carrier protein   
comp18980_c0_seq1 21,9 183,6 8,4 Indole-3-acetic acid-amido synthetase GH3.8 
comp23247_c0_seq1 26,8 180,3 6,8 Ethylene responsive transcription factor 12 
comp21347_c0_seq1 40,4 183,4 4,6 Cell division control protein 6 homolog 
comp20702_c0_seq1 76,4 340,3 4,5 LOB domain protein-like   
 
(B) 
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To understand better what kind of functional changes took place in the 
primordia and stem cells upon flooding, we analysed the regulation of sets of 
genes involved in cell division, cell wall modification, hypoxia response and 
hormone responses (Table 1). Among the 115 cyclin-like genes for which 
expression was detected, none were up-regulated and 16 were down-
regulated, which was significantly more than expected. Notably, in all cases 
this regulation occurred specifically in the stem tissue. Among the cell wall 
modifying genes more than expected numbers of genes were modulated in 
either direction, although the up-regulation was only enriched in the 
primordia and the down-regulation was enriched in both tissues, but more 
strongly so in the stem. To assess the hypoxia response we looked at the 
behaviour of nine genes, of which two ALCOHOL DEHYDROGENASE 
orthologs, four PYRUVATE DECARBOXYLASE orthologs and three genes 
annotated as hypoxia induced. Five of these genes were up-regulated by 
submergence, each time in both primordia and stem tissue, and none was 
down-regulated. As markers for the ethylene response we queried 138 
putative ETHYLENE RESPONSE FACTOR (ERF) homologs and 24 ACC 
OXIDASE (ACO) homologs. Both gene sets were strongly enriched for up-
regulated members, although three ACO genes were also found to be down-
regulated specifically in the stem. To test for changes in the auxin response, 
we looked at 161 genes that were  annotated as  auxin  responsive. More of  
 
 
Figure 1. Differentially expressed primordia-specific genes upon flooding. (A) 
RNAseq results for nine selected primordia-specific, up-regulated genes. Cp, control 
primordia; fp, flooded primordia. (B) qPCR analysis of the nine genes at 0 and 24 
hours after flooding in the primordial (P) and stem (S) tissues (n=3) . *, significantly 
different between control and flooding treatment (P<0.05). 
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them were up-regulated than down-regulated, but not to any significantly 
enriched level. Finally, we determined the abscisic acid (ABA) response, 
using sets for LATE EMBRYOGENESIS ABUNDANT PROTEIN (LEA) 
genes and genes annotated as abscisic acid responsive. Both sets were 
strongly enriched with down-regulated genes, in both tissues, but more 
strongly in the primordia. All together these data indicate that the reaction of 
primordia and stem to flooding is partly similar and partly unique, and 
involves differential regulation of genes with specific functions. 
 
Table 1. Transcripts regulated in primordia and stem of S. dulcamara upon 
partial submergence. Table with Venn`s diagrams representing the up- and down-
regulated transcripts ( ≥  4-fold, FDR ≤  0.1) of functional gene sets and their 
distribution over tissues. The blue and light-orange boxes represent primordia and 
stem tissues, respectively. N.a., not applicable; 
1
, significantly enriched at P<0.5; 
2
, 
P<0.01; 
3
, P<0.001. 
 
Gene  
set 
Total 
# 
 
 
   #                    
         Up 
 
Distribution 
 
 
# 
         Down 
 
Distribution 
All 28690 783 
 
   501               554 
 
 
 
802 
 
   426              536 
 
 
 
 
 
Cyclins 
 
 
115 
 
 
0 
 
 
n.a. 
 
 
16
3 
    
     0
   
              16
3
 
 
 
 
 
 
Cell wall 
 
 
264 
 
 
21
3
 
 
   19
3   
               9 
 
 
 
 
25
3
 
 
    12
3
              24
3
          
 
 
 
 
16
3
 
0 0 
 7
1
 12
3
 
2 11
3
 13
3
 
1 
272 282 229 160 376 266 
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To be continued.  
Gene   
set 
Total 
# 
 
 
# 
          Up 
 
Distribution 
 
 
# 
         Down 
 
Distribution 
 
 
Hypoxia 
 
 
9 
 
 
5
3 
 
  5
3
                  5
3
              
 
 
 
 
 
0 
 
 
n.a. 
 
 
ERF 
 
 
138 
 
 
19
3 
 
  14
3
              18
3 
 
 
 
 
 
4 
 
     4                  4 
 
 
 
 
ACO 
 
 
24 
 
 
9
3
 
 
    9
3                          
6
3 
 
 
 
 
 
3
1 
 
     0
                          
3
3
 
 
 
 
 
Auxin 
response 
 
 
161 
 
 
7 
 
    4                   5 
 
 
 
 
 
2 
 
     0                  2 
 
 
 
 
LEA 
 
 
 
62 
 
 
 
2 
 
 
     1                    1 
 
 
 
 
10
3
 
 
 
     9
3                         
4
1
 
 
 
 
 
 
ABA 
response 
 
 
16 
 
 
0 
 
 
 
n.a. 
 
 
4
3 
    
     4
3   
              1 
 
 
 
 
 
 3
3
  6
3
  0  0 
 0 
 3
3 
1 0 1 1 
6
3 
3
3 
1 0 3
3
 
 2 2  3  0 
 0  2 
 13
3
  5
2
 
 1  3  1  1 
 5
3
 0 
 0 
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Regulation of primordia -specific genes by ethylene and auxin  
The RNAseq analysis suggested that ethylene responses are enhanced 
after flooding. Furthermore, we have previously shown that ethylene and 
auxin signaling are necessary for adventitious root emergence and that 
treatment of S. dulcamara with ethylene and auxin together, without flooding, 
can induce the adventitious root emergence (Chapter 4). This led us to 
address the question whether these two hormones regulate the expression 
of primordia-specific genes similarly to flooding. To investigate this, plants 
were either kept as controls or treated with flooding, auxin, ethylene, or a 
combination of these two hormones. After 24 and 48 hours the expression of 
eight primordia-specific signaling and transcriptional regulatory genes also 
shown in Figure 1 was analyzed. Control and hormone treatments were 
performed under high humidity as determined before (Chapter 2).  
Our qPCR results showed that expression of all genes was induced strongly 
by 24 and 48 hours of flooding, and was also altered by the hormones 
treatments (Figure 2). bZIP98, RLK and bZIP TF were responsive to 
ethylene and auxin alone and together already within 24 hours. No additive 
effect of the hormones and no stronger effect of flooding were seen for these 
genes. PIN2 was induced only by ethylene, and not by auxin. Three genes, 
ERF12, IAA GH3.8 and CDC6, were not induced by any of the hormone 
treatments after 24 hours, although the latter two were induced after 48 
hours of treatment. The LOB domain gene was not induced by any treatment 
in this experiment, and in fact was repressed by ethylene, also in 
combination with auxin. All together these results indicate that the 
transcriptomic response to submergence can be mimicked by ethylene and 
auxin treatment only in part.  
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Figure 2. Expression of primordia-specific genes in S. dulcamara upon 
submergence and hormone treatments. qPCR analysis of the expression of genes 
at 24 and 48 hours in control plants (C), or after flooding (F), treatment with ethylene 
(E), auxin (A), and both together (E&A). Data are means ±SE (n=3). 
1
, significantly 
different from control plants at P<0.5; 
2
, P<0.01; 
3
, P<0.001. In case of E&A samples, 
the second significance number represents the comparison to both of the single 
hormone treatments; in case of F, the second number represents the comparison to 
the E&A treatment.  
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Role of auxin polar transport in adventitious roots emergence 
One of the genes identified as up-regulated in our RNAseq analysis was 
annotated as auxin efflux carrier PIN2 and showed 89% similarity to PIN2 of 
Arabidopsis and 97% to PIN2 of tomato. Knowing that auxin and its polar 
transport are necessary for the growth of adventitious roots in S. dulcamara 
(Chapter 4) led us to analyze the role of this auxin efflux carrier gene in the 
submergence-induced activation of the adventitious root primordia. To this 
end, we generated transgenic RNA interference (RNAi) lines by 
Agrobacterium tumefaciens mediated transformation using a 281 bp 3`-UTR 
fragment of the transcript. We selected three independent RNAi lines, out of 
10 independent transgenic lines, and designated them as PIN2-1 and -2, 
and -31. The transcript level of SdPIN2 in the primordia was comparable 
between the RNAi lines and the wild type under control conditions (Figure 
3A). After 24 hours of flooding, however, the expression of SdPIN2 in lines 
1, and 2, but not in line 31, was significantly lower than in the wild type 
plants (Figure 3A).  
In order to test the effect of SdPIN2 silencing on the adventitious root 
development, we flooded clonally propagated plants of lines PIN2-1 and -2. 
After two and three days of flooding, the number of emerged adventitious 
roots in the RNAi lines was lower than in the wild-type, and this reduction 
was significant for line PIN2-1. After four days, however, 100% of the root 
primorida had grown into adventitious roots in all plants (Figure 3B). 
These results indicate that partial silencing of SdPIN2 gene led to a 
measurable delay in adventitious root emergence, but did not arrest it 
(Figure 3B).  
 
 
 
Tissue-specific transcriptomic responses to flooding  
precede adventitious root emergence in Solanum dulcamara 
 
 145 
 
Figure 3. Analysis of the PIN2 RNAi lines of S. dulcamara. (A) Relative 
expression of SdPIN2 mRNA levels in the primordia at time 0 and 24 hours after 
submergence in three RNAi SdPIN2 transgenic lines and in wild type plants (WT). 
Data are means ±SE (n=3). *, significantly different from the wild-type (P<0.05). (B) 
Growth of adventitious roots scored from 15 primordia in the RNAi of PIN2- 1 and 2 
transgenic lines and wild type of S. dulcamara. Data are means ±SE (wild type, n=4; 
PIN2-1 and -2, n=8). *, significantly different from the wild-type (P<0.05).  
 
 
Discussion 
 
Flooding induces common and tissue-specific responses in primordia 
and stem 
Genome-wide gene expression analysis reveals that ~5.5% of all transcripts 
are affected by 24 hours of flooding in stem and primordia of S. dulcamara. 
About half of the transcriptomic changes (both up- and down-regulation of 
gene expression) occurring in the primordia is unique for this tissue with 
reference to the surrounding stem, and vice versa. This contrasts with our 
previous results based on cDNA-AFLP analysis, which suggested that the 
transcriptomic responses to flooding were largely common between 
primordia and stem (Chapter 3). In agreement with those findings, seven out 
of the nine genes shown to respond in both tissues in Chapter 3 responded 
in both tissues according to the current study, too. The two remaining 
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transcripts belonged to a variant cluster, which may be the reason why they 
did not have any uniquely mapped reads. The reason for the apparent bias 
towards common genes in the selection of cDNA AFLP fragments is 
unknown, but strengthens the idea that RNAseq is the method of choice for 
gene expression studies. A clear example of a common response, which 
was also identified in Chapter 3, is that of hypoxia-induced genes, where up-
regulation of all induced genes occurred in both tissues alike. This suggests 
that the metabolic readjustments to cope with decreased oxygen availability 
are highly similar for the different types of cells. By contrast, genes involved 
in cell growth and division are regulated more uniquely. There is a common 
response of the cell wall modifying genes to flooding, but a significant 
number of this type of genes is up-regulated only in the primordia. These 
genes could have a function in the growth of the primordia that is about to 
start after 24 hours of flooding (Chapter 2), and should require synthesis of 
new wall material for cell division and weakening of existing cell walls to 
allow for cell enlargement. Analogous to the process of lateral root 
emergence, the cells of the cortex that initially cover the primordia will need 
to separate from each other, which is also expected to require wall 
modifications (Péret et al., 2009). By contrast, a considerable number of cell 
wall modifying genes is down-regulated specifically in the stem and the 
same applies, even more pronounced, to the cyclin-related genes, with 
down-regulation of all 16  cyclins being specific to this tissue. Both these 
responses suggest that cell division and growth are strongly suppressed in 
the stem upon flooding. As hypothesised in Chapter 3, such a response may 
represent a kind of quiescence of stressed cells, possibly to allow for 
enhanced allocation of resources to more essential tolerance mechanisms 
(Vashisht et al., 2011; Bailey Serres et al., 2012).  Although we did not 
detect up-regulation of cyclin genes in the primordia at this time point, there 
was a specific induction of a CDC6 homolog. CDC6 is is a key regulator of 
DNA replication in eukaryotes and its expression is tightly correlated to cell 
division (Ramos et al., 2001). In our work, the expression of the CDC6 gene 
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of S. dulcamara was increased already after 24 hours of flooding, but much 
more after 48 hours (Figure 2). This is in agreement with our histological and 
physiological data, which indicated that cell division and changes in auxin 
accumulation can be detected after 48 hours of flooding (Chapter 2). 
 
 
Hormone signaling upon submergence 
 
Ethylene 
Based on gene set enrichment analysis, ethylene signaling seems to be 
activated upon flooding. It is well established that ethylene signaling 
regulates the expression of ERFs (Guo and Ecker, 2004) and a highly 
significant part of transcripts annotated as ERF are up-regulated by the 
flooding treatment. Also in Arabidopsis, many ERFs (HRE1, -2, ERF1, -2, -6 
and RAP2.2) were modulated in the shoot and root tissues upon 
submergence and ethylene treatment (Lee et al., 2011). In deepwater rice, 
the expression of the ERFs SNORKEL1 and -2 was significantly up-
regulated upon flooding and ethylene treatment (Hattori et al., 2009). 
However, not all ERFs are ethylene-responsive, as can be seen from 
ERF12, which was modulated by submergence but not by ethylene (Figure 
2). Enhanced ethylene signaling is also suggested by the enrichment for up-
regulated genes among the 1-aminocyclopropane-1-carboxylic acid oxidase 
(ACO) genes, as these genes are often subject to positive feedback 
regulation by the hormone they synthesise (Yoon and Kieber, 2013). In 
addition, a 1-aminocyclopropane-1-carboxylic acid synthase (ACS) gene 
(comp28744_c0_seq1) was up-regulated specifically in the primordia. ACS 
and ACO are up-regulated in many species upon submergence (e.g. tomato: 
Vidoz et al., 2010, rice: Van Der Straeten et al., 2001, R. palustris: Vriezen 
et al., 1999). The rationale for up-regulation of ACO upon submergence is 
that the enzymatic conversion catalysed by this enzyme requires oxygen 
and becomes rate limiting for ethylene synthesis upon hypoxic conditions 
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(Jackson, 2002). The simultaneous up-regulation of the two types of genes 
in the flooded primordia suggests that they function to maintain synthesis of 
this hormone locally. Interestingly, a large portion of the modulated ERF and 
ACO genes behave similarly in stem and primordia. Because ethylene is 
thought to accumulate mainly by physical entrapment upon flooding, and 
thus independent of tissue-type, it might be expected that the early ethylene 
response is relatively similar between tissues. Tissue-specific factors may be 
progressively integrated in the signaling pathways at later stages to induce 
specific responses, such as of the cell wall modifying genes discussed 
above. 
 
Auxin 
According to the gene set enrichment analysis, signaling by the other 
hormone that was previously determined to have a role in primordia 
activation, auxin, seemed stronger in flooded primordia, but as a whole was 
not significantly induced. However, auxin is a hormone with many (cell-type 
specific) effects, making it difficult to generate a defined set of general auxin 
responsive genes. Looking at the individual transcripts responding to the 
flooding, a number of genes which are regarded as auxin-responsive can be 
identified. To maintain the suitable levels of active auxin, auxin-inducible 
GH3 gene products conjugate the free IAA and store it to be used later, like 
during seedling growth (Ljung, 2013). In our data, an IAA-amido GH3.8 
mRNA was up-regulated upon flooding, especially after 48 hours. Auxin 
signaling is often associated with active cell division and differentiation and 
is necessary for de-novo formation of lateral and adventitious roots (Inukai et 
al., 2005; Péret et al., 2009; Benková and Bielach, 2010) and this is largely 
mediated by members of the LOB DOMAIN-CONTAINING PROTEIN (LBD) 
family. In Arabidopsis during lateral root development, LBD16 and LBD29 
act in auxin signaling to induce cell cycle activation and primordium growth 
(Péret et al., 2009; Lee et al., 2013). More interesting with respect to the 
situation in S. dulcamara, the rice LBD29 homolog Crown 
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rootless1/Adventitious rootless1 is necessary for adventitious root initiation 
and also responsive to auxin (Liu et al., 2005; Inukai et al., 2005). Indeed, 
we found that the S. dulcamara LBD29 homolog (comp23651_c0_seq1) was 
strongly induced by flooding, specifically in the primordia. The S. dulcamara 
LBD16 homolog (comp20702_c0_seq1) was also significantly induced in the 
primordia. It was included in the hormone treatment experiment and seemed 
to respond to auxin, although in this experiment none of the treatments 
resulted in statistically significant induction (Figure 2). The Arabidopsis 
auxin-responsive LBD18 gene activates the expression of the EXPANSIN14 
gene facilitating the lateral root emergence (Péret et al., 2009; Lee et al., 
2013). A similar pathway may exist in S. dulcamara, because its LBD18 
gene homolog (comp21996_c0_seq1) is significantly up-regulated in the 
primordia by flooding. Taken together, these results convincingly show that 
auxin signaling increases upon flooding, most obviously in the primordia 
tissue. Furthermore, high similarity between transcriptional programs 
underlying de novo lateral/adventitious root formation in Arabidopsis and rice 
and re-activation of dormant adventitious root primordia in S. dulcamara is 
revealed. This is remarkable, as root identity is already evident in the 
dormant primordia (Chapter 2), and suggests either that the transcriptional 
program is largely maintained in the root after the initial developmental steps 
or that patterning and identity determination are not yet fully completed in the 
dormant primordia. 
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ABA 
Preliminary data suggested a strong reduction in ABA levels in primordia 
and stem tissue upon flooding (Chapter 4). A number of LEA genes are 
known to be responsive to ABA in response to dessication in seed and 
vegetative tissue (Hundertmark and Hincha, 2008). Our transcriptome data 
support the idea that ABA signaling is reduced by flooding, because there 
was a clear enrichment for down-regulation among the LEA gene set, 
especially in the primordia, and the same was seen in a gene set annotated 
as ABA responsive. In Arabidopsis, the ABI5 gene encoding for a bZIP 
transcription factor regulates the expression of LEA genes (Finkelstein and 
Lynch, 2000). Indeed, an ABI5 homolog was significantly down-regulated in 
the primordia upon flooding, and could thus be a key regulator of dormancy 
release. 
 
Hormone interactions govern primordia activation 
Knowing the ability of ethylene and auxin to mimic the flooding response in 
terms of activation of the adventitious root primordia (Chapter 4), we tested 
whether these two hormones act in a similar fashion to flooding at the 
transcriptomic level. Flooding had some unique effects that could not be 
mimicked by ethylene and auxin application, such as the induction of 
ERF12, IAA GH3.8 and CDC6 after 12 hours of treatment, suggesting that a 
further flooding-induced signal, possibly hypoxia, contributes to the full 
spectrum of its effects. Most genes, however, were activated by ethylene 
plus auxin treatment. Intriguingly, many of the flooding-induced genes were 
already induced by either hormone alone. It has been suggested before, that 
ethylene responses are partly mediated by enhancement of auxin signaling 
(Negi et al., 2010; Vidoz et al., 2010). However, auxin-independent effects of 
ethylene are expected, too, to explain its necessity. SdPIN2 seems to be 
one such example, as it was not induced by auxin (Figure 2). This is in 
agreement with findings from tomato, where ethylene entrapment by flooding 
affects auxin transport causing auxin accumulation in the stem (Vidoz et al., 
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2010). Also in Arabidopsis, treatment with the ethylene precursor ACC 
induces the expression of genes encoding for the auxin transport proteins 
PIN1, PIN2, PIN4, and AUX1 (Růžička et al., 2007). In Arabidopsis and in 
tomato, PIN2 was shown to be expressed preferentially in the root (Paponov 
et al., 2005; Pattison and Catalá, 2012) and also in S. dulcamara we found 
that the flooding-induced increase of SdPIN2 transcript was specific for 
primordia. To understand its relevance for adventitious root outgrowth, we 
silenced the gene using the constitutive CaMV35S promoter. Silencing was 
not very effective in control conditions, maybe due to counter-selection for 
strongly silenced lines. The expression of SdPIN2 in primordia upon 
flooding, however, was significantly reduced in two RNAi lines and we 
observed a significant delay in the emergence of adventitious roots in one of 
these (Figure 3). The limited phenotypic effect, as was seen in the NPA 
treatment (Chapter 4), may suggest that changes in auxin transport are not 
essential for outgrowth and only speed up the process. Alternatively, it is due 
to partial silencing or to functional redundancy between the members of the 
PIN family, as has been demonstrated in the primary and lateral roots 
development in Arabidopsis (Benková et al., 2003; Bliliou et al., 2005). 
Detailed characterisation of more RNAi lines in the near future should 
provide answers to these open questions.  
Taken together, our results showed that auxin and ethylene partially mediate 
gene expression to activate the primordia upon flooding, and that there is 
cross-talk between them. The position of ABA, and other, ethylene- and 
auxin-independent signals in the network still has to be revealed. 
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Material and method  
 
Plant material and growth conditions 
Solanum dulcamara wild type plants that were used in all experiments in this 
study were grown from seeds from the accession A54750008, collected from 
Wychens Ven, Wijchen, the Netherlands, and supplied by the Experimental 
Garden and Genebank, Radboud University Nijmegen, the Netherlands. 
Seeds were sown in vermiculite in small round plastic pots of 10 cm height 
and 13 cm diameter. These were kept in dark at 4 
0
C
 
for three days and then 
grown under standardized greenhouse conditions, with a daily temperature 
regime of 20-23 
0
C
 
(day) and 15-18 
0
C (night) and additional light supplied 
by high pressure sodium lamps (SON-T; 600W; Philips, Eindhoven, the 
Netherlands). Seedlings of three weeks old were individually transplanted in 
12 x 11 x 11 cm (h x w x d) plastic pots filled with potting soil and kept further 
under the same conditions. The plants were watered daily and fertilized ones 
each two weeks up to 10 to 12 weeks. For flooding experiments, 15 cm 
above the soil of the lower stem segment was submerged in glass 
containers of 60 x 21 x 21 cm (h x w x d) filled with tap water.  
 
Transcriptome assembly 
Total RNA was isolated using Trizol (for the “Mixed” and “Leaves” libraries, 
see Supplemental Table 1,2) or the Plant RNeasy kit (Invitrogen; for the 
“Stem & primordia” library, see Supplemental Table 1,2) and treated with 
DNase. In case of the “Mixed” libraries, mRNA was purified and duplex-
specific-nuclease-normalized cDNA samples were prepared and sequenced 
by Eurofins MWG Operon (Ebersberg, Germany) on the Roche GS-FLX 
platform. In case of the “Leaves” library, mRNA was purified and duplex-
specific-nuclease-normalized cDNA samples were prepared and sequenced 
by Fasteris SA (Geneva, Switzerland). For the “Stem & primordia” library, 
mRNA was purified and cDNA samples were prepared and sequenced by 
Fasteris SA without prior normalisation. Raw read filtering based on quality 
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values and length was performed with the ‘Trim sequences’ algorithm in 
CLC Genomics Workbench v4.7.1 (CLCBio, Aarhus, Denmark). Default 
settings were used and low quality sequences (limit=0.05) and sequences 
no longer than 50 nts were removed. Although the assembler algorithm 
discarded low coverage k-mers, the raw reads were error corrected in order 
to speed up the assembly process. Therefore all sequence data except the 
Roche GS-FLX data was base-error-corrected with decGPU version 1.06 
(Liu et al., 2011) DecGPU was run with default settings. The decGPU 
algorithm output consisted of error free reads, fixed reads and discarded 
reads. For the assembly both error free and fixed reads were used. The 
decGPU process discarded 66M sequences (11% of total Illumina input 
sequences). All samples were pooled, both Roche GS-FLX and Illumina 
sets, and assembled using the de novo transcriptome assembler Trinity 
version 2011-10-29 (http://trinityrnaseq.sourceforge.net/) (Grabherr et al., 
2011). The Trinity assembly was run with a default fixed k-mer length of 25, 
minimal contig length of 500 bp, minimal k-mer coverage of 2 and a butterfly 
heap space size of 50GB. Automated annotation was performed by BLASTp 
and BLASTx searches (e-value < e
-10
) against the S. lycopersicum (version 
iTAG 2.3 proteins), S. tuberosum (version 3.4), A. thaliana protein 
complement (version TAIR 10 pep) and the UniProtKB/Swiss-Prot database 
(release 2012_02). In addition, BLASTn searches (e-value < e
-10
) against the 
nucleotide non-redundant database (GenBank, release March 2011) were 
carried out. 
 
RNA isolation for RNA-sequencing  
For RNAseq analysis, 24 plants were used, from which 12 were flooded 
while the rest was kept drained. From these plants, the primordia and stem 
explants were dissected 24 hours after the onset of partial submergence. 
Samples were collected in three biological replicas and each sample was a 
pool from two plants to minimize plant-level biological variation. Control 
samples were taken at the same time of the day to avoid the influence of a 
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circadian rhythm. The samples were frozen directly in liquid nitrogen. Total 
RNA was isolated from the frozen primordia and stem tissues using the 
RNeasy Plant Mini Kit (QIAGEN). Contaminating genomic DNA was 
removed from the RNA samples using TURBO DNA-free
TM
 kit (Ambion; AB 
applied Biosystems). mRNA isolation, cDNA synthesis and sequencing on 
the Illumina HiSeq2000 platform was done by Fasteris SA. 
 
RNA-sequencing data processing 
The data quality was assessed using fastqc (Ver. 0.10.0) 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). All reads were 
aligned to the contigs of transcript-based assembly of the S. dulcamara 
genome using bowtie (Ver. 0.12.7) (Langmead et al., 2009). Only uniquely 
mapping reads were considered further (bowtie parameters: tryhard, best, 
strata, k=1, m=1). Because contigs represented estimated transcription 
units, we counted the number of reads aligning to each contig to estimate 
transcript/contig expression. The read counts of each contig were 
normalized by contig length to obtain expression values that are comparable 
between contigs and globally normalized by effective library size to make 
them comparable between samples. Effective library size was determined by 
method implemented in R-package DESeq (Anders and Huber, 2010; R 
Development Core Team, 2011). Differential expression calls were 
calculated by the DESeq (method=per-condition, sharingMode=maximum, 
fitType=parameteric). Adjusted p-values were calculated according to 
Benjamini & Hochberg (Benjamini and Hochberg, 1995). 
 
Real-time quantitative RT-PCR  
For the qPCR analysis used to confirm the RNAseq results, 54 plants were 
used of which 12 were flooded and 15 were kept drained. The primordia and 
stem were dissected 24 hours after the onset of partial submergence. 
Samples were collected in three biological replicas and each sample was a 
pool from two plants to minimize plant-level biological variation. Total DNA-
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free RNA was reverse-transcribed using a cDNA synthesis kit (iScript
TM
 
cDNA synthesis kit, Bio-Rad, Veenendaal, the Netherlands). The real-time 
quantitative PCR was carried using cDNA corresponding to 7,8 ng total RNA 
in a 25 µL PCR reaction containing 400 nM of each primer and 12.5 µL iQ
TM
 
SYBER Green Supermix (Bio-Rad). The PCR reactions were performed in a 
96 well thermocycler (Bio-Rad iCycler, Veenendaal, the Netherlands) by 
starting with 3 min at 95°C followed by 45 cycles consisting of 15 s at 95°C 
and 60 s at 60°C, and a melt curve from 65°C to 95°C in 0.5°C increments 
per 10 s to verify the presence of a specific product. TIP4 I, SAND, CAC, 
and Expressed (Expósito- Rodríguez et al., 2008) were used as reference 
genes. Evaluation of the stability of the reference genes was done with 
geNorm software. The quantification of the transcripts level was done as 
described in Rieu and Powers (2009). The primers used for real time 
quantitative-PCR were TIP4 I: Forw: 5`-AGTCATGCCTAGTGGTT- 
GGTTCC-`3, Rev: 5`-TGAGCACTCCATCAACCCTAAGC-`3; SAND: Forw: 
5`-TGCTTACACATGTCTTCCACTTGC-`3, Rev: 5`-AAACAGGACCCCTGA- 
GTCAGTTAC-`3; Exp: Forw: 5`-CTAAGAACGCTGGACCTAATGACAAG-  
`3, Rev: 5`-AAAGTCGATTTAGCTTTCTCTGCATATTTC-`3; CAC: Forw: 5`-
AGTTTGTTGTTGAGGCTGTTACAC-`3, Rev: 5`-ACCGGACACCTTCCTGA- 
GTAATG-`3; bZIP98: Forw: 5`-TTAGATCGGGTAGTTGAGTTTACATACG-
`3, Rev: 5`-CCAATACTTGAAACCGCAATAACATTAC-`3; RLK: Forw: 5`-
TGACATGGAATCAGAGGCTAAGGATC-`3, Rev: 5`-GCAAGGCAGTGGCT- 
ACATCTAAAC-`3; bZIP TF: Forw: 5`-CACCTAATTCACTAACATTGTC- 
CTTGC-`3, Rev: 5`-TTAATGGATTGAAATGTGGGTGTGTAAC-`3; IAA-
amido GH3.8: Forw: 5`-ATCAAGCTTAGTAGTCTTGTTAGTGTGG-`3, 
Rev:5`-TTCAACATCCAACAGCAGATCAGATAC-`3; ERF12: Forw: 5`-ACC-
ACCACCACCTTCTTCTTCG-`3, Rev: 5`-TCATCATCATGGCTGATAACTC- 
ACAAG-`3; CDC6: Forw: 5`-CGTGGCTCCCTTATCATACTTTTAGTTC-`3, 
Rev: 5`-GAGAATGAGCATCTGGTAATAACACAAC-`3; LOB protein-like: 
Forw: 5`-ATTGGGCTAATGGCATCATCTTTCC-`3, Rev: 5`-TTGGTCTAAT- 
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CGGCTTTGTATCTCTTG-`3; PIN2: Forw: 5`-TGCTGTTATTGCTGCTACTT- 
CTATCG-`3, Rev: 5`-GCGGTGCTAAGAATATCAGGATGG-`3 . 
 
Real-time quantitative RT-PCR  to test hormone treatments 
All hormone treatments were carried out under high humidity conditions. For 
the high humidity treatment, the inner walls of the 60 x 21 x 21 cm (h x w x 
d) glass containers were covered with wet filter paper. Then, plants were 
placed individually into the containers and the open top was wrapped with 
plastic foil in order to obtain high humid conditions inside the container. 
During this treatment, air was flushed at 1.75 L min
-1
 through each glass 
container to prevent changes in CO2 or ethylene concentrations
 
in the 
atmosphere during the experiment. Humidity was measured with a humidity 
detector (Testo AG 605-H1, Almere, the Netherlands), showing levels of 90-
93 % RH. Light and temperature were kept at standard conditions. The 
control plants were only treated with humidity. For ethylene treatment, 
ethylene was diluted with air to obtain 4.4 -5 µl L
-1
 ethylene, by means of a 
gas mixer (Bronckhorst High Tech BV, Ruurlo, the Netherlands). The 
concentrations in the glass containers were checked before starting the 
treatments by measuring gas samples with gas chromatography. The air 
mixed with ethylene was humidified through a water column using bubble 
stones, and 1.75 L min
-1
 was flushed tthrough each container. Auxin 
treatment was performed using 1-NAA (1-naphthalene acetic acid; Duchefa 
Biochemie, Haarlem, the Netherlands) dissolved in small volume of 1 N 
NaOH, diluted with water to obtain a final concentration of 25 µM and then 
sprayed on the primordia of the lower 15 cm of stem using a spray bottle. 
Treatment with ethylene was combined with 1-NAA for the first three days. 
All treatments were carried out for 24 and 48 hours. After that, primordia 
were dissected and the samples were frozen immediately in liquid nitrogen. 
The total RNA was isolated, treated with DNase, and converted to cDNA as 
described previously. qPCR was performed using cDNA corresponding to 15 
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ng total RNA and performed using the primers listed in the previous 
paragraph. 
 
Generation and functional analysis of RNAi SdPIN2 transgenic lines of 
S. dulcamara 
To generate transgenic RNA interference (RNAi) SdPIN2 lines, a fragment 
of 281 bp 3`-UTR region of the comp28330_c0_seq1 of S. dulcamara was 
amplified using forward primer 5`-CATGGGGAACAGAGACAGAT-3`, and 
reverse primer 5`-GACTGAAACAATATGAAGGC-3` and cloned into the 
destination vector pk7GWIWG2(I) under control of CaMv35S promoter 
(Karimi et al., 2002). The construct was transformed to Agrobacterium 
tumefaciens strain GV3101 using freeze-thaw transformation (Chen et al., 
1994). Transgenic plants were made by the leaf disc method. In short, 
leaves were harvested from 3-4 weeks old S. dulcamara plants, sterilized for 
10 minutes in a solution of 1.5 % bleach and 0.01 % Tween, and washed 
four times for 5 minutes with sterilized demineralized water. The leaf 
explants were cut without the veins and incubated in a 1:100 diluted 
bacterial culture (OD600 0.4-0.6) with liquid co-cultivation medium of MS20 
(20 g l
-1
 sucrose, 4.4 g l
-1
 MS with Gamborg B5, 0.5 g l
-1
 MES monohydrate 
pH 5.8 ) with growth regulators (2 mg l
-1
 BAP, 0.1 mg l
-1
 NAA, and 10 mg l
-1
 
acetosyringone) and kept in dark for 3 days under climate chamber growth 
conditions. Thereafter, leaf explants were transferred to selective medium of 
MS20 supplemented with growth regulators (2mg l
-1
 BAP, 0.1 mg l
-1
 NAA, 
300 mg l
-1
 cefotaxime, 300 mg l
-1
 vancomycin, and 25 mg l
-1
 kanamycin). 
The plates were covered with three layers of filter paper and kept for a week 
in the climate chamber. The filter papers were removed gradually (one per 
week). Every two and half weeks, the explants were transferred on to new 
fresh selective medium. After approximately 7 weeks, the appeared shoots 
were excised and transferred to MS20 medium supplemented with 300 mg l
-
1
 cefotaxime, 300 mg l
-1
 vancomycin, 10 mg l
-1
 kanamycin, and 0.25 mg l
-1
 
IBA. When roots had formed, the transgenic plants were transferred to the 
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greenhouse and kept under standardized greenhouse conditions. For qPCR 
analysis of SdPIN2 expression, six propagated plants for each independent 
transgenic line were used. Six wild type plants were used as control plants. 
The primordia were dissected from all the plants at 0 and 24 hours after the 
onset of partial submergence. The total RNA was isolated, DNase treated, 
and converted to cDNA as described in the previous paragraphs. Relative 
gene expression was normalized with two reference genes, namely, CAC 
and SAND.  
For the flooding experiment (Figure 3B), eight transgenic plants from each 
RNAi transgenic line were individually placed in 60 x 21 x 21 cm (h x w x d) 
glass containers. Four wild type plants of S. dulcamara were used as 
control. One day before submergence, the glass containers were filled with 
tap water until a level that would allow submergence of the stem to 15 cm 
above the soil in the pot. On the next day, the plants were submerged in the 
glass containers and the emergence of the adventitious root was scored by 
eye every day up to one week. 
 
Statistical analysis 
All data were log transformed before analysis to to correct for heterogeneity 
of variance (Gomez and Gomez, 1984; Rieu and Powers, 2009). Univariate 
ANOVA with uncorrected LSD was used to assess significance of 
differences between submergence and the control condition. PASW 
Statistics for Windows, (version 18; SPSS Inc., Chicago, USA) was used for 
all analyses. Gene set enrichment analysis was performed using Chi-sqare 
test with Yates' correction. 
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Supplemental Table 1. Summary of S. dulcamara cDNA RNAseq data sets used 
for assembly.  
Library Sequencing method 
# Reads 
(raw) 
# Reads 
(high 
quality) 
Avg read 
length 
(high 
quality) 
Mixed
1 
GS-FLX titanium, single 
end, random primed, 
normalised 
799,937 786,113 297 
Mixed
1 
GS-FLX titanium, single 
end, 3’ primed, 
normalised 
568,762 558,729 312 
Leaves
1 
HiSeq2000, single end, 
random primed, 100bp, 
normalised 
127,318,285 107,557,660 96 
Stem & 
primordia
1 
HiSeq2000, single end, 
random primed, 50bp 
516,292,741 471,046,908 50 
 
1
 See Table 2 for details. 
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Supplemental Table 2. RNAseq libraries of S. dulcamara used for whole 
transcriptome. 
 
1
 Golas et al. (2012). 
2
 Dawood et al, unpublished. 
 
Supplemental Table 3. Transcriptome of primordia after flooding (See 
http://repository.ubn.ru.nl/handle/2066/112260).  
Accession Tissue Treatment 
Ratio 
of RNA 
"Mixed" library 
   A54750008 (line 2, cuttings) Flower buds 1-2mm None 1 
A54750008 (line 2, cuttings) 
+ unknown accessions 
Flower buds 1-5mm Heat shock, 1h 36
o
C 1 
A54750008 (line 2, cuttings) Adventitious root 
primordia 
Flooded, 6h 2 
A54750008 F1 (line 2) Whole seedling (2-leaf 
stage) 
None 1 
A54750008 F1 (line 2) Whole seedling (2-leaf 
stage) 
Sprayed with JA 
2mg/mL, 6h 
1 
A54750008 F1 (line 2) Whole seedling (2-leaf 
stage) 
ET 5 uL/L at flow of 
5L/min, 6h 
1 
A54750008 F1 (line 2) Whole seedling (2-leaf 
stage)seedling 
Hypoxia, 3% at flow 
of 5L/min, 6h 
1 
A54750008 F1 (line 2) Callus None 2 
   
 
"Leaves" library
1
 
   A54750069-1 Young leaves In-vitro cultured plant 1 
944750001-2 Young leaves In-vitro cultured plant 1 
Population 05-150, pooled 
offspring R 
Young leaves Greenhouse plants 1 
Population 05-150, pooled 
offspring S 
Young leaves Greenhouse plants 1 
   
 
"Stem & primoridia" library
2
 
  
 
A54750008 F1 (line 2) Adventitious root 
primordia None 
1 
A54750008 F1 (line 2) Adventitious root 
primordia Flooded, 24h 
1 
A54750008 F1 (line 2) Stem None 1 
A54750008 F1 (line 2) Stem Flooded, 24h 1 
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The previous chapters have shown that Solanum dulcamara is a suitable 
plant species to forward molecular and physiological research into the 
regulatory mechanisms of flooding induced adventitious root formation. This 
species formed combined profuse adventitious root formation from 
preformed root primordia on the stem, with excellent flood-tolerance. 
Moreover, the species proved to be well suited for molecular genetic studies, 
as we developed successful transformation protocols, and generated 
transgenic plants of S. dulcamara. The core question of this study is which 
signals trigger the preformed dormant primordia in S. dulcamara to grow out 
into adventitious roots upon flooding. In the next paragraphs we summarize 
the most important conclusions from the work presented in this thesis.  
 
Flooding is essential to activate the primordia in S. dulcamara  
Our results showed that only flooded primordia can grow into adventitious 
roots, and not primordia that are just above the water surface, which strongly 
points to a very specific and localized response (Chapter 2). Interestingly, 
non flooded primordia already have a pre-destined root identity, and cannot 
differentiate into other organs. Moreover, the presence of well-recognizable 
preformed primordia offered the opportunity to determine precisely which 
primordium was activated, by marking them prior to the onset of flooding. In 
deepwater rice, the timing of adventitious root emergence varied depending 
on the location of the node of the stem, i.e., roots emerged earlier from the 
oldest nodes as compared to younger ones (Lorbiecke and Sauter, 1999). 
Although the primordia are distributed randomly on the lower stem of S. 
dulcamara, the emergence of the adventitious roots is highly synchronized, 
and could be detected between the 2
nd
 and 4
th
 day upon the onset of partial 
submergence (Chapter 2). Applying high humidity conditions (> 90% relative 
air humidity) after a short flooding treatment led to the conclusion that 
flooding is needed during the first 24 hours to activate the primordia. 
Thereafter, the growth of new roots can continue without flooding, provided 
that the environment is sufficiently humid.  
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Adventitious root emergence in S. dulcamara upon flooding is 
preceded by cell division and expansion in the root meristem 
In deepwater rice, the apical meristem in adventitious root primordia is 
activated upon submergence before the emergence of the roots. This 
involves accumulation of mRNA of cell cycle genes, i.e., A- and B- types 
cyclin, two Cdc2 genes, R2, and histone H3 (Lorbiecke and Sauter, 1999). 
Our results indicate that in S. dulcamara, the flooded primordia cells might 
undergo cell division events only after 48 hours of submergence, rather than 
earlier in time (Chapter 2). At this time point we observed an increase in cell 
numbers in the cortex adjacent to vascular bundle, and accumulation of 
CYCB1:1 like gene products (Chapter 2). However, no known cell cycle 
genes like cyclin types were detected earlier in the primordia, at 24 hours of 
flooding, with the exception of one gene encoding for cell division control 
protein 6 (CDC6) (Chapter 5). In Arabidopsis, the expression of AtCDC6 is 
associated with cell division and endoreplication in many tissues such as in 
developing and emerging lateral roots (Ramos et al., 2001; Castellano et al., 
2001). How this gene is involved in the activation of the primordia in S. 
dulcamara upon flooding still needs to be investigated. These observations 
make the timing of adventitious root emergence in S. dulcamara more 
similar to emergence of the lateral root in Arabidopsis (Malamy and Benfey, 
1997) than to that of adventitious root emergence in deepwater rice. Thus, it 
is likely that emergence of adventitious root in S. dulcamara starts with cell 
expansion of the primordia 24 hours after the onset of flooding, followed by 
cell division at 48 hours. Furthermore, this is in agreement with our data 
obtained from RNA sequencing on 24 hours flooded primordia. Our 
functional gene sets analysis showed that no cyclin genes were up-regulated 
in the primordia while these genes were down regulated significantly in the 
stem (Chapter 5). Interestingly, our RNAseq analysis revealed that many 
up-regulated primordia-specific genes encode cell wall remodeling enzymes 
like polygalacturonase, expansins, pectate lyase like, and pectin esterase 
(Chapter 5). Lateral root emergence in Arabidopsis involved activity of cell 
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wall remodeling enzymes, which were reported to be expressed in the 
epidermal cells overlying the lateral root primordia (Pèret et al., 2009). In 
deepwater rice, cell death occured in the epidermal cells overlying the 
primordia to facilitate the proper root emergence (Steffens and Sauter, 
2009). Whether in S. dulcamara the epidermal cells overlying the primordia 
undergo cell wall remodeling process needs further to be investigated. The 
localization of expression of cell wall genes found by RNA-sequencing by in 
situ hybridization on the primordia could indicate their involvement in this 
process.   
 
Submergence induces a rapid and specific molecular response in S. 
dulcamara 
Upon flooding, plants shift their metabolic pathways from aerobic to 
anaerobic catabolism in order to cope with low oxygen conditions (Bailey-
Serres and Voesenek, 2008). This is suggested to occur mainly by sensing 
low oxygen, followed by the activation of signal transduction cascades which 
induce sets of genes that regulate the short term responses to flooding. 
Changes in gene expression occur in both flood-tolerant and –intolerant 
species, usually within 24 hours after submergence (Caturla et al., 2002; 
Zhang et al., 2006; Komatsu et al., 2009; Qi et al., 2012; Christianson et al., 
2010). In our study, we found that the changes of gene expression already 
take place within 2 hours after submergence in S. dulcamara, indicating that 
the submerged tissues respond very quickly (Chapter 3). Notably, gene 
expression profiles in the submerged stem were similar to those detected in 
the primordia upon flooding. These results indicate that the response to 
flooding is largely similar in stem and primordia tissues.  
In order to understand why only the primordia and not the nearby stem 
tissues are able to grow into adventitious roots upon flooding, we analyzed 
the primordia-specific gene expression profile. This was achieved by 
applying RNA-sequencing analysis (Chapter 5). The results indicate clearly 
that many genes involved in cell wall remodeling, ethylene, ABA, auxin and 
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other signaling events are regulated specifically in the flooded primordia. 
How these genes function in primordia activation and root emergence needs 
to be investigated by transgenic approach. With respect to this, we 
attempted to study the function of the SdPIN2 gene, a putative polar auxin 
transporter, by RNA interference. In two independent RNAi SdPIN2 lines, 
the expression of this gene was significantly decreased in these lines as 
compared to wild type. Although no aberrant adventitious root emergence 
was detected, we found significant delay in root emergence in these 
transgenic plants (Chapter 5). The lack of an extreme phenotype is probably 
due to functional redundancy among genes belonging to the PIN gene 
family. In these two lines, the RNAi hairpin construct was based on the 3`-
UTR region of the SdPIN2 to specifically target only degradation of this 
gene. It is possible that the adventitious root growth would have been more 
affected when multiple PIN genes were silenced, although this may also 
have led to aberrant rooting patterns in the main root system as well. In 
Arabidopsis, a defect in lateral root formation was clearly detected in the 
multiple pin mutants rather than in single mutants (Benková et al., 2003). 
Also in S. dulcamara, this might be achieved by selecting a conserved 
region in PIN genes for genetic transformation.  
 
Ethylene and auxin are needed together to induce adventitious root 
emergence in S. dulcamara after flooding   
Ethylene and auxin are required to induce adventitious root growth in many 
species (Wample and Reid, 1979; Drew et al., 1979; Raskin and Kende, 
1984; Voesenek et al., 1993; Visser et al., 1995; Visser et al., 1996a; 
Lorbiecke and Sauter, 1999; McDonald and Visser, 2003; Xu et al., 2005; 
Vidoz et al., 2010). The results presented in our study indicated clearly that, 
without flooding, treatment of S. dulcamara with auxin and ethylene together 
is sufficient to induce adventitious root emergence (Chapter 4).  
Our results showed that at 24 hours after the onset of flooding, more 
ethylene was found to be produced from the lower stem, suggesting internal 
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accumulation of ethylene (Chapter 4). We do not know where exactly the 
precursor of ethylene, ACC, was produced and converted into ethylene, but 
we found from RNA sequencing data that three genes encoding ACO and 
one gene encoding ACS, respectively, were up-regulated in the primordia, 
and levels of these ethylene biosynthesis enzymes might thus have been 
increased. This indicates that the primordia are likely able to convert ACC 
into ethylene and probably also to synthesize their own ethylene precursor. 
Thus, it will be interesting to perform an experiment with only local flooding, 
without soil flooding, and subsequently investigate if ethylene will be locally 
synthesized. Other interesting experiments would be treatment with AVG to 
block ethylene biosynthesis, or specific inhibition of ACO and ACC in the 
primordia, or generating an ethylene insensitive mutant. These experimental 
approaches would lead to a better defined origin of the ethylene needed for 
local outgrowth of root primordia. Moreover, it would shed more light on 
whether ethylene is an essential component of the signaling pathway, or if it 
is rather a modulating component. 
With respect to auxin, our experiments with NPA treatment and shoot 
decapitation showed that active auxin polar transport is required for root 
emergence (Chapter 4). However, preliminary measurements did not detect 
a clear increase of IAA content, neither in primordia nor in the nearby stem 
after 24 hours of flooding. Also DR5:GUS expression was similar in non 
flooded primordia and in primordia flooded for 24 hours, and increased only 
after 48 after the onset of submergence (Chapter 2). Whether ethylene 
increased the sensitivity of the stem for auxin, like in some species, needs to 
be investigated (Visser et al., 1996b)   
From our work, we suggest that in S. dulcamara flooding increases the 
ethylene level, and polar auxin transport from the shoot is necessary, 
although some auxin is already present in the primordia. Both hormones are 
then needed together to trigger the primordia to grow into adventitious roots 
(Chapter 4). 
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Hormones and genes in a model for adventitious root emergence in S. 
dulcamara upon flooding  
Generally, flooding causes oxygen decline which is considered as a main 
signal to induce metabolic and morphological adaptation (Bailey-Serres et 
al., 2012). In some species treatment with hypoxia alone can induce 
adventitious root growth as it is in flooding. Our preliminary experiments 
showed that hypoxia was not sufficient to induce the primordia to grow out 
(Chapter 4). This need to be further investigated. Additionally, to assess the 
role of hypoxia in adventitious root growth we need firstly to quantify the 
decrease of this gas in the stem of S. dulcamara. Furthermore, our 
preliminary data indicated a decrease in ABA level after flooding (Chapter 
4). How this hormone is involved in the activation and emergence of 
adventitious roots needs also further to be investigated, i.e., by treating the 
plants with ABA and investigating its effect on emergence of these roots. 
Interestingly, genes associated with response to ABA, such as seed 
maturation protein LEA 4, late embryo abundance protein, and a dehydrin 
were down-regulated upon flooding (Chapter 5). This might lead to 
hypothesize that ABA may keep dormant dry primordia, but after 
submergence its function is repressed. This need further to be investigated. 
Adventitious root emergence is positively regulated by ethylene and auxin 
together, but the number of roots that emerged was never as high as during 
flooding (Chapter 4). This was also shown at the level of gene expression, 
as many genes encoding for signal transduction proteins like transcription 
factors were higher expressed after flooding than after hormone treatments 
(Chapter 5). Therefore, seemingly, additional signals might be required for 
complete activation of the primordia to emerge into adventitious root in S. 
dulcamara during flooding. 
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Figure 1. Putative model of hormones and genes involved in adventitious root 
growth in S. dulcamara upon flooding. The preformed primordia are activated by 
flooding to develop into adventitious roots. This involves physical entrapment of 
ethylene in the flooded stem, due to the limited diffusion of gases from flooded plant 
parts. Expression of ACO and ACS increases, which might contributed to local 
ethylene biosynthesis. Polar auxin transport is also needed in this process, 
potentially leading to specific distribution of an auxin gradient in the primordium. 
Apparently, auxin content increased after 48 hours of flooding which act as a signal 
to induce expression of ERF1, IAA GH3.8, and LOB genes. ABA content decreases 
resulting in down-regulation in the expression of LEA genes. Whether flooding 
causes oxygen decline in the flooded stem or specifically in the primordia is not clear. 
Therefore, it is unclear if low oxygen affects auxin transport. Two important signals in 
this model, ethylene and auxin together, induce expression of a receptor like kinase 
(RLK), two bZIP transcription factors, PIN2 gene, and Cell division control protein 6 
(CDC6). However, the expression of these genes probably is influenced by other 
signal(s) as well during flooding.  
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Flooding is an environmental stress that threatens survival of many plant 
species in their habitats. Some species, and in particular wetland species 
such as rice and Rumex palustris, are able to develop morphological 
adaptation, such as adventitious root formation to acclimatize to flooding 
conditions. However, the mechanism by which adventitious roots are 
induced during flooding is still largely unexplored.  
In this project, we aimed to investigate how flooding induces adventitious 
root growth using Solanum dulcamara as experimental model system. This 
species occurs in both dry and wetlands habitats and it belongs to the family 
of the Solanaceae to which many important flood-sensitive crops belong, 
i.e., tomato, eggplant, and potato. More importantly, this species has many 
preformed primordia on its stem which can grow into adventitious roots 
during flooding. The core question in our project is what are the triggers that 
activate the dormant primordia to emerge into adventitious roots during 
flooding. 
In order to determine the identity of primordia before and after flooding, we 
investigated starch accumulation and auxin maximum, two criteria which 
distinguish root versus shoot meristems. Our results showed clearly that the 
dormant primordia exhibit the root identity already before flooding. We 
demonstrated clearly that emergence of the adventitious roots from the 
primordia is a fast and highly synchronized process that occurs within 2-3 
days of flooding. Combining short-term flooding with high humidity treatment 
we demonstrated that flooding is necessary for the first two days to activate 
most of the primordia, while their emergence can continue in a humid 
atmosphere. Moreover, applying local flooding treatment on the stem 
sections of the intact plant demonstrated that only flooded primordia 
developed into adventitious roots indicating the specificity of the response. 
The most important anatomical changes in the primordia were investigated 
by a histological analysis performed on the flooded and control non-flooded 
primordia. The results showed that flooding for two days induces cell division 
and cell expansion followed by root emergence (Chapter 2). 
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These morphological changes correlate with changes in gene expression, 
which we showed by cDNA-AFLP (Chapter 3). Our results showed that 
flooding induces changes in gene expression rapidly, already within 2 hours. 
The modulated genes belong to many functional categories, such as 
transcription regulation, signaling, carbohydrate and glycolysis, cell wall, and 
protein synthesis and metabolism. Our real time RT-PCR showed that these 
genes are similarly regulated in both primordia and stem after flooding. 
Moreover, the role of ethylene and auxin in the flooding response was 
represented by the differential expression of three Ethylene Response 
Factors and one Auxin Responsive Factor, respectively. 
Ethylene and auxin are two important hormones involved in adventitious root 
growth upon flooding. We investigated the role of these hormones by 
treating S. dulcamara plants with ethylene, auxin and both together, under 
high humidity conditions. Our results indicated that these hormones are 
needed together to activate the primordia and to induce the emergence of 
adventitious roots (Chapter 4). Other hormones such as ABA may also have 
a role in keeping the primordia dormant under dry non flooded conditions. 
Further experiments are needed to confirm the role of ABA and also its 
interaction with ethylene and auxin in adventitious root growth in S. 
dulcamara  during flooding.  
Finally, we investigated at the molecular level which genes are specifically 
regulated in the primordia after flooding (Chapter 5). We achieved this by 
performing RNA sequencing on 24 hours flooded primordia and used stem 
tissue as control. Gene set analysis applied on the digital expression data 
indicated that genes involved in cell division and cell wall remodeling were 
significantly down-regulated in the stem. On the other hand many cell 
remodeling enzyme were induced in the flooded primordia. These results 
might explain at least in part why the primordia rather than the adjacent stem 
cells are able to grow into adventitious roots upon flooding. Furthermore, 
ethylene signaling is induced in both primordia and stem tissues while down-
regulation of ABA response and up-regulation of auxin was more evident in 
                                                                 Summary 
 183 
the primordia rather than in the stem tissues. Our results further indicated 
that ethylene and auxin can regulate gene expression partly similar to that 
induced by flooding. A cross talk might occur between these two hormones 
on the level of induction of SdPIN2 by ethylene. Transgenic lines in which 
SdPIN2 is silenced indicated that this gene is involved in the adventitious 
root emergence. 
All together, results obtained in this project indicated that adventitious roots 
growth from the primordia in S. dulcamara is a process induced by flooding, 
and regulated by specific gene expression in which ethylene and auxin 
together play an important role.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samenvatting 
 184 
Overstroming is een abiotische stressfactor die het overleven van een plant 
ernstig kan bedreigen. Sommige plantensoorten, vooral degene die van 
nature voorkomen in natte gebieden, kunnen zich morfologisch aanpassen 
aan overstroming door bijvoorbeeld adventieve wortels te vormen. Het 
mechanisme dat ten grondslag ligt aan de inductie van wortels door 
overstroming is nog grotendeels onbekend. In dit project onderzochten we 
hoe overstroming de groei van adventieve wortels induceert door gebruik te 
maken van Solanum dulcamara (bitterzoet) als experimenteel 
modelsysteem. S. dulcamara komt voor in zowel droge als natte habitats en 
behoort tot de familie van de Solanaceae (nachtschade-achtigen), waartoe 
ook de belangrijke, overstromingsgevoelige gewassen tomaat, aubergine en 
aardappel behoren. De soort heeft vele voorgevormde primordia op zijn 
stengel die kunnen uitgroeien tot adventieve wortels tijdens een 
overstroming. De kernvraag in ons project is welke externe en interne 
signalen zorgen voor activering van de dormante primordia tijdens 
overstroming. 
Om de identiteit van primordia te bepalen voor en na overstroming 
onderzochten we de lokale ophoping van zetmeel en auxine, twee criteria 
die een wortelmeristeem van een scheutmeristeem onderscheiden. Onze 
resultaten toonden duidelijk aan dat de slapende primordia al een 
wortelidentiteit vertonen voordat ze overstroomd zijn (Hoofdstuk 2). We 
ontdekten dat de vorming van adventieve wortels vanuit de primordia een 
snel en zeer gesynchroniseerd proces is, dat plaatsvindt binnen twee tot drie 
dagen na overstroming. Door kortdurende overstromingen te combineren 
met een hoge luchtvochtigheid behandeling konden we laten zien dat 
overstroming gedurende twee dagen nodig en voldoende is om de meeste 
primordia te activeren en dat het verder groeien van de wortels ook kan 
plaatsvinden in een vochtige atmosfeer. Een experiment waarin alleen delen 
van de stengel onder water stonden, liet zien dat de respons volledig lokaal 
bleef. De belangrijkste anatomische veranderingen in de primordia werden 
onderzocht door een histologische analyse uit te voeren op overstroomde en 
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niet overstroomde primordia. Hieruit bleek dat twee dagen overstroming 
leidde tot celdeling en celexpansie, gevolgd door verschijnen van de wortels 
uit de primordia. 
Deze morfologische veranderingen correleren met veranderingen in 
genexpressie, hetgeen we met behulp van cDNA-AFLP analyse 
onderzochten (Hoofdstuk 3). Onze resultaten toonden aan dat overstroming 
al binnen twee uur tot veranderingen in genexpressie leidt. De 
gemoduleerde genen behoren tot vele functionele categorieën, zoals 
transcriptieregulatie, signalering, koolhydraatmetabolisme en glycolyse, 
celwandmodificatie, en eiwitsynthese en eiwitmetabolisme. Kwantitatieve 
RT-PCR toonde aan dat expressie van deze genen na overstroming in 
zowel primordia en stengel verandert. Een rol van ethyleen en auxine bij de 
respons op overstroming werd gesuggereerd door de differentiële expressie 
van respectievelijk drie Ethylene Response Factors en een Auxin Response 
Factor. 
Ethyleen en auxine zijn twee belangrijke hormonen die betrokken zijn bij 
adventieve wortelgroei bij overstromingen. We onderzochten de rol van deze 
hormonen in S. dulcamara door de planten te behandelen met deze 
hormonen, afzonderlijk of tegelijkertijd, of met specifieke hormoonremmers, 
bij hoge luchtvochtigheid. Onze resultaten gaven aan dat ethyleen en auxine 
samen nodig zijn om de primordia te activeren en de groei van de 
adventieve wortels te bewerkstelligen (Hoofdstuk 4). Een ander hormoon, 
ABA, lijkt een rol te spelen bij het inactief houden van de primordia onder 
droge omstandigheden. Verdere experimenten zijn noodzakelijk om de rol 
van ABA te bevestigen en de interactie van ABA met ethyleen en auxine 
tijdens adventieve wortelgroei in S. dulcamara beter te kunnen begrijpen. 
Tenslotte onderzochten we van welke genen de expressie in de primordia 
verandert na overstroming (Hoofdstuk 5). Dit werd gedaan door het 
uitvoeren van de RNA-sequencing techniek op 24 uur overstroomde 
primordia, waarbij stengelweefsel als controle werd gebruikt. Gen-set 
analyse van de digitale expressiegegevens liet zien dat genen betrokken bij 
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celdeling en celwandmodificatie  sterk worden geremd in de stengel. Aan de 
andere kant worden veel van deze genen juist geïnduceerd in de 
overstroomde primordia. Deze resultaten kunnen althans gedeeltelijk 
verklaren waarom de primordia en niet de aangrenzende cellen van de 
stengel kunnen uitgroeien tot adventieve wortels bij overstroming.  
Ethyleencommunicatie wordt geïnduceerd in zowel primordia- als 
stengelweefsels, terwijl de remming van de ABA-respons en stimulatie van 
de auxinerespons duidelijker in de primordia te zien waren dan in de stengel. 
Onze resultaten toonden verder aan dat genexpressie geïnduceerd door 
ethyleen en auxine deels lijkt op inductie door overstroming. Een interactie 
tussen deze twee hormonen vindt plaats via inductie van de 
auxinetransporter SdPIN2, aangezien dit gen door ethyleen wordt 
gestimuleerd. Transgene lijnen waarin expressie van SdPIN2 artificieel is 
onderdrukt, lieten zien dat dit gen betrokken is bij de adventieve wortelgroei. 
Alles bij elkaar laten de resultaten verkregen in dit project zien dat de 
adventieve wortelgroei in S. dulcamara een proces is dat door overstroming 
wordt geïnduceerd en gereguleerd wordt door hormoonsignalen en een 
specifiek genexpressie programma. 
 
 
 
 
 
 
 
 
 
 
 
ھﻨﺎك اﺣﺘﻤﺎل ان اﻻﺷﺎرة اﻟﺨﻠﻮﯾﺔ ﺑﺎﻻﺿﺎﻓﺔ اﻟﻰ ذﻟﻚ  .ﺟﺰﺋﯿﺔ ﻣﻘﺎرﻧﺔ ﻋﻤﺎ ﯾﺤﺪث  اﺛﻨﺎء اﻟﻤﻌﺎﻣﻠﺔ ﺑﺎﻟﻤﯿﺎه
ﺳﻄﺔ ﺑﻮا NIP2ﻣﻦ ﺧﻼل ﺗﻨﻈﯿﻢ اﻟﺠﺰﯾﺌﻲ ﻟﻠﺠﯿﻦ  اﻟﻤﺤﻔﺰة ﻣﻦ ﺧﻼل اﻟﮭﺮﻣﻮﻧﺎت ﯾﻤﻜﻦ ان ﺗﻠﺘﻘﻲ
دﻟﺖ ﻋﻠﻰ ان  NIPdS2 اﻟﻤﻌﺪﻟﺔ وراﺛﯿﺎ ﻋﻠﻰ ﻣﺴﺘﻮى ﻋﻠﻰ اﻟﻨﺒﺎﺗﺎت ﻓﻲ اﻟﺘﺠﺎرب اﻟﻤﺠﺮاة. اﻻﺛﯿﻠﯿﻦ
ھﺬا اﻟﺒﺤﺚ ﺗﺪل ﺑﺎﻻﺟﻤﺎع ﻋﻠﻰ ان اﻟﻨﺘﺎﺋﺞ اﻟﻤﻘﺪﻣﺔ ﻓﻲ  .ھﺬا اﻟﺠﯿﻦ ﻟﮫ دور ﻓﻲ ﻧﻤﻮ اﻟﺠﺬور اﻟﻌﺮﺿﯿﺔ
ھﻲ ﻋﻤﻠﯿﺔ ﯾﺘﻢ ﺗﺤﻔﯿﺰھﺎ  S. aramaclud  ﺮﺿﯿﺔ ﻣﻦ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﻓﻲ ﻧﺒﺎتﻧﻤﻮ اﻟﺠﺬور اﻟﻌ
اﻟﺠﯿﻨﻲ اﻟﺬي ﯾﺤﺪد اﻟﻌﺪﯾﺪ ﻣﻦ اﻟﻤﺆﺛﺮات  ﺑﺎﻟﻤﯿﺎه وﻣﻨﻈﻤﺔ ﺑﺸﻜﻞ دﻗﯿﻖ ﻋﻠﻰ اﻟﻤﺴﺘﻮى اﻟﺠﺰﯾﺌﻲ
                                                                   .اﻟﻔﺴﻠﺠﯿﺔ ﻣﻦ ﺑﯿﻨﮭﺎ ھﺮﻣﻮن اﻻﺛﯿﻠﯿﻦ واﻻﻛﺴﯿﻦ
ﻟﺘﻨﻤﻮ اﺛﻨﺎء ﻏﻤﺮ اﻟﺠﺬع  ﺑﺼﻮرة ﻣﺘﺰاﻣﻨﺔ ﻟﺘﻨﺸﯿﻂ وﺗﺤﻔﯿﺰ ھﺬه اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﺿﺮورﯾﺎن ﺟﺪا
اﻟﺪور اﻟﺬي ﺗﻠﻌﺒﮫ اﻟﮭﺮﻣﻮﻧﺎت اﻻﺧﺮى ﻣﺜﻞ ﺣﻤﺾ اﻟﺘﺴﻘﯿﻂ ﯾﻤﻜﻦ ان ﯾﺆﺛﺮ ﻣﻦ ﺧﻼل اﻟﺤﻔﺎظ  .ﺑﺎﻟﻤﯿﺎه
ﻋﻠﻰ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ   ﺑﺼﻮرة ﻛﺎﻣﻨﺔ وﻏﯿﺮ ﻧﺸﻄﺔ ﺗﺤﺖ ظﻞ اﻟﻈﺮوف اﻟﻄﺒﯿﻌﯿﺔ اﻟﺠﺎﻓﺔ اﻟﺘﻲ ﺗﺤﯿﻂ 
ھﺬه اﻟﺘﻜﮭﻨﺎت ﺣﻮل دور ﺑﻄﺒﯿﻌﺔ اﻟﺤﺎل . ﻏﯿﺮ ﻣﻐﻤﻮر ﺑﻤﯿﺎه اﻟﻔﯿﻀﺎﻧﺎت ﺑﺎﻟﺠﺬع، اي ﻋﻨﺪﻣﺎ ﯾﻜﻮن
ھﺮﻣﻮن ﺣﻤﺾ اﻟﺘﺴﻘﯿﻂ ﯾﻤﻜﻦ اﻟﺘﺤﻘﻖ ﻣﻨﮭﺎ ﻣﻦ ﺧﻼل اﻟﻤﺰﯾﺪ ﻣﻦ اﻟﺘﺠﺎرب اﻟﻔﺴﻠﺠﯿﺔ ﻓﻲ اﻟﻤﺴﺘﻘﺒﻞ 
ﻻﺑﺪ ﻣﻦ اﻟﻜﺸﻒ ﻋﻦ اﻟﺠﯿﻨﺎت اﻟﺨﺎﺻﺔ واﻟﻤﺘﻮاﺟﺪة ﻓﻘﻂ ﻓﻲ اﻟﺒﺮاﻋﻢ  واﺧﯿﺮا وﻟﯿﺲ اﺧﺮا، ﻛﺎن. اﻟﻘﺮﯾﺐ
ﺧﻼﯾﺎ ھﺬه اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﻟﻤﺎ ﻗﺪ ﺗﻌﻨﯿﮫ ﻣﻦ اھﻤﯿﺔ ﻓﻲ اﻟﺘﻨﺸﯿﻂ اﻟﺪﻗﯿﻖ وﻋﻠﻰ وﺟﮫ اﻟﺘﻌﯿﯿﻦ 
اﻟﺨﺎﻣﺲ ﺗﻮﺻﻠﻨﺎ و ﺑﻜﻞ ﻧﺠﺎح اﻟﻰ ذﻟﻚ ﻣﻦ ﺧﻼل اﻟﺘﺤﻠﯿﻞ اﻟﺠﯿﻨﻲ  ﻓﻲ اﻟﻔﺼﻞ. ﻻﺳﺘﺤﻔﺎزھﺎ ﻋﻠﻰ اﻟﻨﻤﻮ
اﻻﻧﺴﺠﺔ اﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ  .ANR gnicneuqeSواﻟﻤﺴﻤﺎة  ﺗﻘﻨﯿﺔ ﺣﺪﯾﺜﺔ ﺟﺪا  لاﻟﺠﺰﯾﺌﻲ ﻣﻦ ﺧﻼ
اﻟﺠﺬر اﻟﻤﻌﺎﻣﻞ  ﺳﺎﻋﺔ وﻣﻘﺎرﻧﺘﮭﺎ ﻣﻊ ﻧﺴﯿﺞ 42ﻟﻤﺪة  ھﺬه اﻟﺘﻘﻨﯿﺔ ﻛﺎﻧﺖ اﻟﺒﺮاﻋﻢ اﻟﻤﻐﻤﻮرة ﺑﺎﻟﻤﯿﺎه
اﻟﻤﻄﺒﻘﺔ ﻣﻊ اﻟﺒﯿﺎﻧﺎت اﻟﺮﻗﻤﯿﺔ ﻓﻲ اطﺎر اﻟﺘﻐﯿﺮ ﻓﻲ اﻟﺘﻨﻈﯿﻢ  اﺷﺎرت اﻟﻤﻌﻄﯿﺎت اﻟﺠﯿﻨﯿﺔ .ﺑﺎﻟﻄﺮﯾﻘﺔ ذاﺗﮭﺎ
ﺟﺪار اﻟﺨﻠﯿﺔ أﺻﺒﺤﺖ ﻣﻨﺨﻔﻀﺔ ﺑﺼﻮرة ﻣﻠﺤﻮظﺔ ﻓﻲ  اﻟﺠﯿﻨﻲ ان ﻋﻤﻠﯿﺔ اﻻﻧﻘﺴﺎم اﻟﺨﻠﻮي وﺗﺤﻮﯾﺮ
وظﺎﺋﻒ اﻧﺰﯾﻤﯿﺔ ﻓﻲ  اﻟﺠﺰﯾﺌﻲ ﻟﻠﺠﯿﻨﺎت اﻟﺘﻲ ﻟﮭﺎ ﻣﻦ اﻟﻨﺎﺣﯿﺔ اﻻﺧﺮى اﺻﺒﺢ اﻟﺘﻨﻈﯿﻢ. اﻟﺠﺬع ﯾﺔﺧﻼ
ھﺬه اﻟﻨﺘﺎﺋﺞ ﺗﺪل  . اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ اﻟﻤﻌﺎﻣﻠﺔ ﺑﺎﻟﻤﯿﺎه ﺗﺤﻮﯾﺮ اﻟﺠﺪار اﻟﺨﻠﻮي ﻣﺮﺗﻔﻌﺎ ﺑﺸﻜﻞ واﺿﺢ ﻓﻲ
ﺑﺎﻟﻤﯿﺎه ﯾﺆدي اﻟﻰ اﻟﺘﻨﺸﯿﻂ  اﻟﻤﺤﺪد ﻟﮭﺬه اﻻﻧﺴﺠﺔ  ﺣﺘﻰ ﻟﻮ ﺑﺸﻜﻞ ﺟﺰﺋﻲ ﻋﻠﻰ ﺣﻘﯿﻘﺔ ان ﻏﻤﺮ اﻟﺠﺬع
ﻨﺎ ان اﻻﺷﺎرة اﻟﺨﻠﻮﯾﺔ أﺧﺮى اظﮭﺮت ﻧﺘﺎﺋﺠ ﻣﺮة .ﻓﻘﻂ ﻻﻏﯿﺮھﺎ ﻟﻜﻲ ﺗﻨﻤﻮ اﻟﻰ اﻟﺠﺬور اﻟﻌﺮﺿﯿﺔ
ﺑﯿﻨﻤﺎ ارﺗﻔﺎع اﻻﺷﺎرة اﻟﺨﻠﻮﯾﺔ . واﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﻟﮭﺮﻣﻮن اﻻﺛﯿﻠﯿﻦ ھﻲ ﺿﺮورﯾﺔ ﻓﻲ ﻛﻞ ﻣﻦ اﻟﺠﺬع
اﻟﺘﺴﻘﯿﻂ ﯾﻤﻜﻦ ﻣﻼﺣﻈﺘﮭﺎ او ﻛﺸﻔﮭﺎ ﺑﺼﻮرة واﺿﺤﺔ  ﻟﮭﺮﻣﻮن اﻻﻛﺴﯿﻦ واﻧﺨﻔﺎﺿﮭﺎ ﻟﮭﺮﻣﻮن ﺣﻤﺾ
ﺤﺼﻠﺔ ﻣﻦ اﻟﺘﻔﺎﻋﻞ اﻟﻨﺘﺎﺋﺞ اﻟﻤﺴﺘ. ﺧﻼﯾﺎ اﻟﺠﺬع ﻓﻲ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ اﻛﺜﺮ ﻣﻤﺎ ھﻲ اﻟﺤﺎﻟﺔ ﻓﻲ
ﻋﻠﻰ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ اﻟﻤﻌﺎﻣﻠﺔ ﺑﺎﻟﮭﺮﻣﻮﻧﺎت  اﻟﺒﻮﻟﯿﻤﯿﺮاز اﻟﻤﺘﺴﻠﺴﻞ اﻟﻜﻤﻲ اﻟﻠﺤﻈﻲ اﻟﺘﻲ ﺗﻢ اﺟﺮاءه
ﻋﻠﻰ ﺗﻨﻈﯿﻢ اﻟﺘﻐﯿﺮ اﻟﺠﺰﯾﺌﻲ اﻟﺠﯿﻨﻲ ﺑﺼﻮرة  دﻟﺖ ﻋﻠﻰ ان ھﺮﻣﻮن اﻻﺛﯿﻠﯿﻦ واﻻﻛﺴﯿﻦ ﻟﮭﻤﺎ اﻟﻘﺎﺑﻠﯿﺔ
ذﻟﻚ ﻓﺎن اﻟﺠﺬور ﺗﺴﺘﻄﯿﻊ  ل ﻣﺪة زﻣﻨﯿﺔ ﺗﺘﺮاوح ﯾﻮﻣﯿﻦ، وﺑﻌﺪﻣﮭﻢ ﺟﺪا ﻓﻲ ﻓﻌﺎﻟﯿﺔ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﺧﻼ
ﻏﻤﺮ اﻗﺴﺎم ﻣﻦ اﻟﺠﺬع ﺑﺎﻟﻤﯿﺎه ﺑﺸﻜﻞ  .ﻟﯿﺔأن ﺗﺴﺘﻤﺮ ﺑﺎﻟﻨﻤﻮ ﺑﺴﮭﻮﻟﺔ ﻓﻲ ظﻞ ظﺮوف اﻟﺮطﻮﺑﮫ اﻟﻌﺎ
 ھﺬه اﻟﻨﺘﺎﺋﺞ. ﻦ ﻓﯿﻀﺎن اﻟﺠﺬر اﻟﺮﺋﯿﺴﻲ ادى اﻟﻰ ﻧﻤﻮ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ اﻟﻰ ﺟﺬور ﻋﺮﺿﯿﺔﻣﺴﺘﻘﻞ ﻋ
اھﻢ اﻟﺘﻐﯿﺮات اﻟﺘﺸﺮﯾﺤﯿﺔ ﺗﻢ ﻣﻌﺎﯾﻨﺘﮭﺎ ﻓﻲ ھﺬه اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ  .ﺗﺪل ﻋﻠﻰ ﻣﺪى ﺧﺼﻮﺻﯿﺔ ھﺬه اﻟﻌﻤﻠﯿﺔ
 اﻟﻨﺘﺎﺋﺞ اظﮭﺮت ان ﻏﻤﺮھﺬه اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﺑﺎﻟﻤﯿﺎه ﻟﻤﺪة ﯾﻮﻣﯿﻦ ﯾﺆدي. ﻋﻦ طﺮﯾﻖ اﻟﺘﺤﻠﯿﻞ اﻟﻨﺴﯿﺠﻲ
ﻣﻦ ( . اﻟﻔﺼﻞ اﻟﺜﺎﻧﻲ)اﻟﻰ ﺗﺤﻔﯿﺰ اﻻﻧﻘﺴﺎم اﻟﺨﻠﻮي وﺗﻤﺪد اﻟﺨﻼﯾﺎ اﻟﻤﻮﺟﺪه ﻓﻲ ھﺬه اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ 
ﻮﻟﻮﺟﯿﺔ اﻟﻨﺴﯿﺠﯿﺔ ھﻲ ﻣﺮﺗﺒﻄﺔ ﻣﻊ اﻟﺘﻐﯿﯿﺮات ﻋﻠﻰ اﻟﻤﺴﺘﻮى ﻓاﻟﻤﺤﺘﻤﻞ ان ھﺬه اﻟﺘﻐﯿﯿﺮات اﻟﻤﻮر
ﻓﻲ اﻟﻔﺼﻞ اﻟﺜﺎﻟﺚ اظﮭﺮﻧﺎ وﺑﻮﺿﻮح ان اﻟﺘﻐﯿﺮ اﻟﺠﯿﻨﻲ ﯾﺤﺪث ﺧﻼل اﻟﺴﺎﻋﺘﯿﻦ اﻻوﻟﻰ ﻋﻘﺐ  .اﻟﺠﯿﻨﻲ
ﻣﻌﺎﻣﻠﺔ اﻟﺨﻼﯾﺎ اﻟﺠﺬﻋﯿﺔ اﻟﺠﺬرﯾﺔ ﺑﺎﻟﻤﯿﺎه ھﺬا ان دل اﻧﻤﺎ ﯾﺪل ﻋﻠﻰ ﺳﺮﻋﺔ ﺗﻔﺎﻋﻞ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﻣﻊ 
ﺗﻨﺘﻤﻲ اﻟﻰ اﻟﻌﺪﯾﺪ ﻣﻦ اﻟﻔﺌﺎت  cAND-APLFﻣﻦ ﺧﻼل ﺗﻘﻨﯿﺔ  ﺘﻲ ﺗﻢ اﻟﻜﺸﻒ ﻋﻨﮭﺎاﻟﺠﯿﻨﺎت اﻟ. اﻟﻤﯿﺎه
اﻟﻮظﯿﻔﯿﺔ اﻟﺤﯿﻮﯾﺔ ﻓﻲ اﻟﺨﻠﯿﺔ ﻣﺜﻞ ﺗﻨﻈﯿﻢ ﻓﻌﺎﻟﯿﺔ اﻟﻨﺴﺦ اﻟﺠﯿﻨﻲ ، ﺗﻨﻈﯿﻢ اﻻﺷﺎرات اﻟﺨﻠﻮﯾﺔ، اﻟﺘﺤﻠﻞ 
اﻟﻼھﻮاﺋﻲ وﻋﻤﻠﯿﺔ اﻟﺘﻤﺜﯿﻞ اﻟﻐﺬاﺋﻲ ﻟﻠﻜﺎرﺑﻮھﯿﺪرات ،ﺗﺮﻛﯿﺐ اﻟﺠﺪار اﻟﺨﻠﻮي وﻣﺨﺘﻠﻒ ﻋﻤﻠﯿﺎت اﻻﯾﺾ 
ل اﻟﻤﺪى ﻟﻠﻜﺸﻒ ﻋﻦ ﻓﻌﺎﻟﯿﺔ ھﺬه اﻟﺠﯿﻨﺎت ﻓﻲ ﻧﻤﻮ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﺧﻼ. اﻟﺤﯿﻮي وﺻﻨﻊ اﻟﺒﺮوﺗﯿﻨﺎت
ذو اﻟﻮﻗﺖ )اﻟﻘﺼﯿﺮ ﺑﻌﺪ ﻣﻌﺎﻣﻠﺘﮭﺎ ﺑﺎﻟﻤﯿﺎه، اﺟﺮﯾﻨﺎ ﺗﻘﻨﯿﺔ اﻟﺘﻔﺎﻋﻞ اﻟﺒﻮﻟﯿﻤﯿﺮاز اﻟﻤﺘﺴﻠﺴﻞ اﻟﻜﻤﻲ اﻟﻠﺤﻈﻲ 
اظﮭﺮت اﻟﻨﺘﺎﺋﺞ ﻋﻠﻰ ان ﺗﻨﻈﯿﻢ ھﺬه اﻟﺠﯿﻨﺎت ﯾﺤﺪث ﺑﺼﻮرة ﻣﺘﻤﺎﺛﻠﺔ ﻓﻲ اﻟﺠﺬع واﻟﺒﺮاﻋﻢ (. اﻟﺤﻘﯿﻘﻲ
اﻻﺧﺘﻼف . ﻐﻤﻮرة ﺑﺎﻟﻤﯿﺎه اﻟﺠﺬرﯾﺔ وﻓﻲ آن واﺣﺪ داﻻ ﻋﻠﻰ ان  اﻻﺳﺘﺠﺎﺑﺔ ھﻲ ﻋﺎﻣﺔ ﻻﺟﺰاء اﻟﻨﺒﺎت اﻟﻤ
ﻓﻲ اﻟﺘﻐﯿﺮ اﻟﺠﯿﻨﻲ اﻋﻄﻰ دﻟﯿﻼ واﺿﺤﺎ ﻟﻠﺪور اﻟﻤﮭﻢ اﻟﺬي ﯾﺆدﯾﮫ ھﺮﻣﻮن اﻻﺛﯿﻠﯿﻦ واﻻﻛﺴﯿﻦ ﻓﻲ ﻋﻤﻠﯿﺔ 
اﻻﺛﯿﻠﯿﻦ واﻻﻛﺴﯿﻦ ﻧﻮﻋﺎن ﻣﻦ اﻟﮭﻮرﻣﻮﻧﺎت اﻟﮭﺎﻣﺔ واﻟﻤﺴﺆوﻟﺔ ﻋﻦ  .اﺳﺘﺠﺎﺑﺔ اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ ﻟﻠﻤﯿﺎه
ﻓﻲ ھﺬا اﻟﺒﺤﺚ ﺗﺤﻘﻘﻨﺎ ﻣﻦ ذﻟﻚ ﻣﻦ . ﻧﺎتﻧﻤﻮ اﻟﺠﺬور اﻟﻌﺮﺿﯿﺔ ﻓﻲ ﺑﻌﺾ اﻟﻨﺒﺎﺗﺎت ﺧﻼل ﻓﺘﺮة اﻟﻔﯿﻀﺎ
ﺑﮭﺬان اﻟﮭﺮﻣﻮﻧﺎن اﻟﻤﺬﻛﻮران اﻋﻼه ﺗﺤﺖ ظﺮوف  munaloS aramaclud ﺧﻼل ﻣﻌﺎﻣﻠﺔ ﻧﺒﺎت
ﻧﺘﺎﺋﺞ ھﺬه اﻟﺘﺠﺎرب اﻟﻤﻘﺪﻣﺔ ﻓﻲ اﻟﻔﺼﻞ اﻟﺮاﺑﻊ اظﮭﺮت ان اﻻﺛﯿﻠﯿﻦ واﻻﻛﺴﯿﻦ ھﻤﺎ . رطﻮﺑﺔ ﻋﺎﻟﯿﺔ
  اﻟﻤﻠﺨﺺ
اﻟﻔﯿﻀﺎﻧﺎت ھﻲ ﻣﻦ اﻟﺘﻐﯿﺮات اﻟﺒﯿﺌﯿﮫ اﻟﻘﺎﺳﯿﮫ اﻟﺘﻲ ﺗﺆﺛﺮﺳﻠﺒﯿﺎ ﻋﻠﻰ ﻧﻤﻮ وﺑﻘﺎء اﻟﻜﺜﯿﺮ ﻣﻦ اﻻﻧﻮاع 
ﺑﺎﻟﺮﻏﻢ ﻣﻦ ذﻟﻚ ھﻨﺎك ﺑﻌﺾ اﻟﻨﺒﺎﺗﺎت اﻟﺘﻲ ﺗﻨﻤﻮ ﻓﻲ اﻻراﺿﻲ اﻟﺮطﺒﮫ او اﻟﺘﻲ ﺗﺘﻌﺮض ﺑﺸﻜﻞ .اﻟﻨﺒﺎﺗﯿﮫ
 ﯾﺘﻀﻤﻦ ھﺬا ﺗﻜﻮﯾﻦ. ﻣﺴﺘﻤﺮ اﻟﻰ ارﺗﻔﺎع ﻣﻨﺴﻮب اﻟﻤﯿﺎه ﻟﮭﺎ اﻟﻘﺎﺑﻠﯿﮫ ﻋﻠﻰ اﻟﺘﺄﻗﻠﻢ ﻣﻊ ھﺬه اﻟﻈﺮوف
 .ﺄﻗﻠﻢ ﻣﻊ اﻟﻔﯿﻀﺎﻧﺎت اﻟﺘﻲ ﺗﺴﺎﻋﺪ ﻋﻠﻰ اﻟﺘ suoititnevdA stoorاﻟﺠﺬوراﻟﻌﺮﺿﯿﮫ اﻟﻤﺴﻤﺎة 
  ﻓﻲ ھﺬا اﻟﺒﺤﺚ ﻧﺤﻦ. ﺗﻜﻮﯾﻦ ھﺬا اﻟﻨﻮع ﻣﻦ اﻟﺠﺬوراﻟﻌﺮﺿﯿﮫ ﻻﺗﺰال ﻣﺠﮭﻮﻟﮫ ﻟﺤﺪ ﻛﺒﯿﺮ( اﻟﯿﺔ)ﻣﯿﻜﺎﻧﯿﻜﯿﮫ 
 ﻟﺘﺤﻘﯿﻖ ھﺪف ھﺬه. اﻟﺠﺬورﺑﻨﻤﻮ ھﺬه ﻧﮭﺪف اﻟﻰ دراﺳﺔ اﻵﻟﯿﺔ اﻟﺠﯿﻨﯿﺔ واﻟﻔﺴﯿﻮﻟﻮﺟﯿﺔ اﻟﺘﻲ ﺗﺘﺤﻜﻢ 
اﻟﻤﺘﻮاﺟﺪ ﻓﻲ اﻻﻣﺎﻛﻦ  ﻛﻨﻈﺎم ﺗﺠﺮﯾﺒﻲ munaloS aramaclud اﻟﺪراﺳﺔ اﺳﺘﺨﺪﻣﻨﺎ اﻟﻨﻮع اﻟﻨﺒﺎﺗﻲ
ھﺬا اﻟﻨﻮع اﻟﻨﺒﺎﺗﻲ ﯾﻨﺘﻤﻲ اﻟﻰ ﻣﺠﻤﻮﻋﺔ اﻟﻌﺎﺋﻠﺔ اﻟﺒﺎذﻧﺠﺎﻧﯿﺔ اﻟﺘﻲ . واﻟﺮطﺒﮫ واﻟﻤﻐﻤﻮرة ﺑﺎﻟﻤﯿﺎه اﻟﺠﺎﻓﺔ
ﺎذﻧﺠﺎن واﻟﺒﻄﺎطﺔ اﻟﻤﻌﺮوﻓﺔ ﺑﻌﺪم ﺗﺘﻀﻤﻦ اﻟﻌﺪﯾﺪ ﻣﻦ اﻻﻧﻮاع اﻟﻨﺒﺎﺗﯿﺔ اﻟﻤﮭﻤﺔ ﻣﺜﻞ اﻟﻄﻤﺎطﺔ ، اﻟﺒ
ﻣﻦ اﻟﺼﻔﺎت اﻟﻤﮭﻤﺔ اﻻﺧﺮى ﻟﮭﺬا اﻟﻨﻮع اﻟﻨﺒﺎﺗﻲ . ﻗﺎﺑﻠﯿﺘﮭﺎ ﻋﻠﻰ اﻟﺘﺄﻗﻠﻢ ﻣﻊ ازدﯾﺎد ﻣﻨﺴﻮب ﻣﯿﺎه اﻟﺘﺮﺑﮫ
ھﺬه اﻟﺒﺮاﻋﻢ . اﻟﻤﺴﺘﺨﺪم ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ھﻮ اﺣﺘﻮاءه ﻋﻠﻰ اﻟﺒﺮاﻋﻢ اﻟﺠﺬﻋﯿﺔ اﻟﻤﺘﻮاﺟﺪة ﻋﻠﻰ اﻟﺴﺎق
ﺣﺎﻟﺔ ﻏﻤﺮھﺎ ﺑﺎﻟﻤﯿﺎه ﻋﻨﺪﺋﺬ ﺗﻨﻤﻮ وﺗﻜﻮن اﻟﺠﺬور اﻟﺠﺬﻋﯿﺔ ھﻲ ﺧﺎﻣﻠﺔ وﻏﯿﺮ ﻗﺎﺑﻠﺔ ﻟﻠﻨﻤﻮ اﻻ اذا ﻓﻲ 
ﻋﻦ  اﻟﺴﻮأل اﻟﺠﻮھﺮي اﻟﺬي ﯾﺘﺮﻛﺰ ﻋﻠﯿﮫ ھﺬا اﻟﺒﺤﺚ اﻟﻌﻠﻤﻲ ھﻮ ﻣﺎھﯿﺔ اﻟﻤﺤﻔﺰات اﻟﻨﺎﺗﺠﺔ .اﻟﻌﺮﺿﯿﺔ
ﻟﺘﺤﺪﯾﺪ . واﻟﻤﺴﺒﺒﮫ ﻟﻨﻤﻮ اﻟﺠﺬور اﻟﻌﺮﺿﯿﺔ اﺛﻨﺎء ﻓﺘﺮة ﻓﯿﻀﺎﻧﺎت اﻟﺘﺮﺑﮫ ﻏﻤﺮ اﻟﺒﺮاﻋﻢ اﻟﺠﺬﻋﯿﺔ ﺑﺎﻟﻤﯿﺎه
اﻟﮭﻮﯾﺔ اﻟﺠﺬرﯾﺔ ﻟﮭﺬه اﻟﺨﻼﯾﺔ اﻟﺠﺬﻋﯿﺔ ﺗﻢ اﻟﺒﺤﺚ ﻋﻦ اﺛﻨﯿﻦ ﻣﻦ اﻟﻤﻌﺎﯾﯿﺮ اﻟﻤﮭﻤﺔ اﻟﻤﺘﻮاﺟﺪة ﺑﺸﻜﻞ 
اﻟﻨﺘﺎﺋﺞ اظﮭﺮت ان اﻟﺒﺮاﻋﻢ  .اﺳﺎﺳﻲ وﻣﻤﯿﺰ ﻓﻘﻂ ﻓﻲ ﺧﻼﯾﺎ اﻟﺠﺬر ھﻲ ﺗﺮاﻛﻢ اﻟﻨﺸﺎ وھﺮﻣﻮن اﻻﻛﺴﯿﻦ
ﻧﺘﺎﺋﺞ ھﺬا اﻟﺒﺤﺚ اظﮭﺮت  .ﺑﺮاﻋﻢ ﺟﺬرﯾﺔ ﻗﺒﻞ ان ﺗﻨﻤﻮ ﺗﺤﺖ ﺗﺄﺛﯿﺮ اﻟﻤﯿﺎه اﻟﺠﺬﻋﯿﺔ ھﻲ ﺑﺎﻻﺻﻞ
وﺑﻮﺿﻮح ان ﻧﻤﻮ اﻟﺠﺬور اﻟﻌﺮﺿﯿﺔ ھﻲ ﻋﻤﻠﯿﺔ ﺳﺮﯾﻌﺔ وﻣﺘﺰاﻣﻨﺔ ﻟﻠﻐﺎﯾﺔ ﻻﻧﮭﺎ ﺗﺤﺪث ﺧﻼل ﯾﻮﻣﯿﻦ اﻟﻰ 
اﻟﺘﺠﺎرب اﻟﺘﻲ اﺟﺮﯾﻨﺎھﺎ ﺑﺎﺳﺘﺨﺪام اﻟﻔﯿﻀﺎن .  ﺛﻼﺛﺔ اﯾﺎم ﺑﻌﺪ ﺗﻌﺮض اﻟﺒﺮاﻋﻢ اﻟﺠﺬرﯾﺔ اﻟﻰ اﻟﻔﯿﻀﺎﻧﺎت
ﺑﺎﻟﺘﻌﺎﻗﺐ ﻣﻊ اﻟﻤﻌﺎﻣﻠﺔ ﺑﺎﻟﺮطﻮﺑﮫ اﻟﻌﺎﻟﯿﺔ ﺟﺪا اﺛﺒﺘﺖ ﺟﻠﯿﺎ وﺑﻮﺿﻮح ان اﻟﻤﺎء ﻟﮫ دور ذو ﻗﺼﯿﺮ اﻻﻣﺪ 
 
 صﺧﻠﻣﻟا 
“Arabic summary”  
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“ I will praise you, Lord my God, with all my whole heart ” 
Psalm 86:12 
 
Met de toekenning van de NWO Mozaïekbeurs kreeg ik de kans om mijn 
interesse in de plasticiteit van planten verder uit te bouwen in een 
promotieonderzoek. 
Bitterzoet, mijn onderzoeksplant, is in staat bij overstroming nieuwe wortels 
te vormen en zich zo aan te passen aan veranderde omstandigheden. Zo 
heeft het promotieonderzoek mij de kans gegeven om te “wortelen” in 
Nederland, mijn tweede land, en ver van mijn vaderland Irak een nieuw 
bestaan op te bouwen. 
Nu mijn proefschrift klaar is wil ik van de gelegenheid gebruik maken om te 
zeggen dat zonder ondersteuning van Jalal, mijn familie, mijn begeleiders en 
tal van anderen ik nooit aan dit onderzoek begonnen zou zijn en evenmin 
dat dit uiteindelijk zou resulteren in een proefschrift. 
 
Titti: mijn promotor, bedank ik voor de wetenschappelijke en persoonlijke 
ondersteuning. Je begeleiding heb ik altijd als positief ervaren. Voor mij ben 
je het voorbeeld van een succesvolle wetenschapster. Tegelijkertijd heb je 
de uitstraling van een fantastische moeder die heel zorgzaam is voor haar 
“AIO kinderen”. Van jouw woorden “prioriteit geven” heb ik geleerd de 
belangrijkheid en volgorde van aanpak van veel dringende zaken te 
bepalen. Op jouw afdeling heb ik het altijd heel prettig gevonden en zo kon 
ik met hart en ziel aan mijn proefschrift werken. 
 
Eric:  jij bent mijn eerste co-promotor. Jouw expertise was onontbeerlijk voor 
de fysiologische experimenten en heeft geleid tot veelbelovende resultaten. 
Jouw glimlach en geduld inspireerde en motiveerde me enorm om op zoek 
te gaan naar de fysiologische respons van bitterzoet. Jouw aanwezigheid 
tijdens de eerste Mozaïek workshop heeft me toen heel erg geholpen om 
mijn project nog sterker te verdedigen. 
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Ivo:  na het vertrek van Wim werd je mijn tweede co-promotor. Zijn expertise 
zou ik ongetwijfeld gaan missen maar Wim stelde me gerust met de 
woorden: “Ivo is een fantastisch wetenschappelijk begeleider”. Hij had 
helemaal gelijk! Ik waardeer jou kritisch wetenschappelijk inzicht en het 
streven naar perfect onderzoek. Als ik aan jou denk komt het woord 
“significant” meteen in me op. 
 
Kortom, ik denk dat ik veel geluk heb gehad om mijn promotieonderzoek te 
mogen uitvoeren onder begeleiding van drie lieve mensen: Titti, Eric en Ivo. 
Heel veel dank daarvoor. 
 
Wim: mijn externe begeleider, bedankt voor jouw inbreng bij het tot stand 
komen van het projectvoorstel. Je bent altijd bij het project betrokken 
gebleven. Het was heel nuttig om met jou over het project en persoonlijke 
zaken te spreken en van je adviezen heb ik dankbaar gebruik gemaakt. 
 
Naast mijn begeleiders wil ik ook mijn collega’s bedanken.  
Else: jou heb ik leren kennen als een heel sterke vrouw. Van jou heb ik 
geleerd hoe je altijd positief naar het leven kunt kijken. Je nuttige en handige 
tips zal ik nooit vergeten. Ik vond het altijd heel prettig om met jou van 
gedachten te wisselen over mijn kinderen. Dank je wel daarvoor. 
 
Peter: dank je wel dat je altijd zo behulpzaam bent geweest. De inrichting 
van het isotopenlab is gebaseerd op de lengte van een gemiddelde 
Nederlander maar gelukkig was je er altijd om voor mij de samples van de 
cDNA-AFLP op de hoge gels te laden. Jij hebt een heel goede manier om de 
moeilijke berekeningen van concentraties uit te leggen en dat zonder 
rekenmachine!  
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Mieke: zonder jouw expertise op het gebied van histologische analyses was 
mijn proefschrift nooit zo volledig en mooi geworden. De persoonlijke 
gesprekken en het delen van jouw ervaringen als moeder heb ik heel erg 
gewaardeerd. 
 
Anna: Ik ken je als een collega van aantal jaren geleden maar het lijkt alsof 
ik je al eeuwen ken. We zijn net als zusjes die het soms niet met elkaar eens 
zijn maar we blijven elkaar altijd heel goed begrijpen, met of zonder 
woorden. Onze vriendschap waardeer ik enorm. Ik wens je aller beste 
samen met Rudy.  
 
Marian: Bedankt voor alle nuttige adviezen voor de planttransformatie. Jij 
bent een voorbeeld van een succesvolle jonge wetenschapster en een 
fantastische moeder.  
 
Mena: if I think about you I always think about the sunny weather which is 
the favorite for most people “except your tomatoes”. I wish you all success in 
your life.   
 
I want also to thank all the other PhD students for being nice colleagues.                                                                                                                                 
Duy: Thank you for the short discussion about the setting of experiments.  I 
wish you success with your research on bittersweet.  
Florian, Hangjng, en Jiemeng: I wish you all the best with your research on 
tomato.  
 
Ook dank ik mijn ex-collega’s: Maaike, Lissette, Tomek, Hakim, Tati, en 
Suzanna. Ik wil ook de studenten bedanken die bijgedragen hebben aan de 
uitvoering van experimenten voor mijn promotieonderzoek: Judith, Emiel, 
Marjolein, Tamara, Fede M, en Fede P.   
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De mensen van de afdeling Plant Genetics: Tom, Jan, Kitty, Antione, Klaas, 
en Janny (ex-PG en huidige MPP) wil ik bedanken voor alle suggesties en 
interesse in mijn project en niet te vergeten: voor alle gezelligheid!  
 
Nicole: niet alleen voor de aanvaarding van het voorzitterschap van de 
manuscriptcommissie wil ik je bedanken maar ook voor de lekkere cakes die 
je bakte. Ik vond jouw cadeau voor mijn zoon Odjien, een baby t-shirt met de 
afbeelding van de aerenchyma, heel bijzonder. 
 
Zonder te kunnen beschikken over het juiste plantmateriaal was uitvoering 
van mijn experimenten onmogelijk geweest. Medewerkers van de afdeling 
Proeftuin en Genenbank hebben daarvoor zorg gedragen. 
 
Gerard: je bent attent en iemand waar je op kunt bouwen. Het werk met 
bitterzoet was niet zo goed geweest zonder jouw rol om alles precies en 
efficiënt te regelen. Dank je ook voor de opmerkingen en suggesties met 
betrekking tot de inhoud en lay-out van mijn proefschrift en het redigeren 
van het dankwoord. 
 
Yvette, Walter en Harry: bedankt voor het verzorgen van de bitterzoet 
planten en de gezelligheid in de kas. 
 
Dank voor de medewerkers van het Gemeenschappelijk Instrumentarium 
voor de hulp bij het sequencen en microscopie. Speciaal wil ik Liesbeth 
bedanken voor het perfecte uitleggen van hoe de binoculair te gebruiken om 
plaatjes te kunnen maken. Met jouw hulp zijn microscopische plaatjes op 
een professionele manier gemonteerd en verwerkt. 
 
Ook wil ik iedereen bedanken die me tijdens mijn studie enorm gesteund 
hebben. Conny Mooren: voor alle adviezen tijdens mijn studie, dank je wel. 
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Jou en Warner ten Kate wil ik bedanken voor jullie inbreng bij de selectie 
voor een werkervaringsplek nadat ik mijn studie had afgerond en naar werk 
op zoek was. 
 
Zonder mijn ouders, en vooral zonder mijn moeder, zou mijn carrière tot nu 
toe er heel anders uitgezien hebben. Moeder: jouw liefde kent geen einde. 
Je hebt me altijd geweldig ondersteund. Je zorgde voor René toen ik met 
mijn master studie bezig was. Dank je wel daarvoor. 
 
Vader: je bent een heel wijs man. Jouw gebeden samen met mijn moeder, 
verlichten de moeilijkheden en maakten van een “smal pad” een “brede 
weg”. Dank je wel voor de manier waarop je me altijd gesteund hebt. 
 
Tante Mona: ondanks je simpele kennis van planten heb je een heel mooie 
tuin met veel nuttige gewassen. Jouw pogingen om b.v. planten uit Irak in je 
tuin te planten heeft me geleerd hoe planten kunnen acclimatiseren. 
Bedankt dat je altijd klaarstond om zo af en toe op de kinderen te passen. 
 
Lieve Linda & Karam, Saad, Lara & Eiman, en Dina: Ik ben heel blij dat ik 
zussen en broers heb waar ik altijd op kan rekenen. 
 
Jalal: tot slot; woorden schieten tekort om te vertellen hoe belangrijk jouw 
steun altijd is geweest. Daarom is mijn proefschrift ook een stukje van jou. 
De tijd die achter ons ligt was niet altijd gemakkelijk maar hoe dan ook we 
gaan samen door. Ik kijk altijd in de doos waar de brieven liggen die we 
elkaar stuurden toen jij in Irak en, later, in London was. Voor mij blijven die 
“oude” brieven van ons een bron van oneindige energie en licht die mij de 
kracht geven om door te gaan ondanks onze zorgen om René en Odjien. 
 
 “I can do everything through him who gives me strength” 
Philippians 4:13 
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Thikra Dawood was born on 
the 1st of November 1972 in 
Baghdad, Iraq, where in 
June 1994 she obtained her 
BSc of Biology at Baghdad 
University.  In 1998 she 
arrived in the Netherlands 
and received permission to 
stay in 2000. In 2001, she 
was selected for UAF-
subsidy and she obtained the 
diploma of NT2 program II in 
2002. From 2004 till 2006 
she enrolled in the master 
program in Biology and 
obtained the MSc degree at 
Radboud University Nijmegen in 2006. During her master study she did two 
internships at the department of Plant Cell Biology under supervision of Prof. 
Dr. C. Mariani, Dr. K. Weterings, and Dr. W. Vriezen. At that time she 
studied the hormonal interactions during fruit-set development in tomato and 
the development of the female gametophyte in Arabidopsis thaliana. From 
2007 till 2008, she worked at the same department as research-assistant 
extending her experience with cytological and molecular methods. Later she 
worked at Genetwister Technologies B.V. in Wageningen on plant abiotic 
stresses. In august 2008 she received the Mozaiek grant from NWO and 
started working on a PhD project at the department of Molecular Plant 
Physiology/ Institute for Water and Wetland Research under supervision of 
Prof. Dr. C. Mariani, Dr. E.J.W. Visser, and Dr. I. Rieu. 
The outcome of her PhD project is described in this thesis. Additionally, she 
presented the results of this work at national and international meetings, 
such as ALW meeting “Experimental Plant science” in Lunteren, and the 6th 
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International Symposium on “Root Development” in Amos/Canada. 
Furthermore, she obtained the certificate of “Laboratory use of isotopes” and 
the certificate of the Graduated School Experimental Plant Science.       
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